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Abstract 
In the past few decades, the climate has undergone significant change, and through the 
1990s the world has experienced a major El-Ni o. Such change is likely to affect dust 
storm activity in dust prone parts of the world. A significant dust prone area is Saudi 
Arabia. To determine whether the ENSO cycle has had any influence on synoptic 
conditions over Saudi Arabia and hence dust activity, dust frequency has been 
examined over the period covering the past three decades.  
In this thesis, dust events have been classified into Haze, Local Dust Events (LDEs) 
and Dust Storms (DSs). Dust activity for 25 cities across Saudi Arabia was analysed 
for frequency of each type of dust event. It was found that in general, the cities in the 
south and south-east experienced the most number of dust events, with Haze being the 
most prevalent dust event. However, there were cities, which as a result of either their 
altitude or surrounding topography experienced much fewer dust events than their 
neighbours in the same region. Spring was shown to be the most dust prone season in 
the northern parts whilst the southern parts experience more dust events in summer.  
Potential dust sources were identified using back trajectories generated by the 
HYSPLIT (Hybrid Single Particle Lagrangian Integrated Trajectory Model) modelling 
program, in conjunction with wind roses, during the days of dust in the most active 
dust season, spring. In the northern region, the An-Nafud Desert appears to be the 
main local source, while the North African deserts (Sahara), the Syrian Desert and 
Iraqi deserts are the main remote and neighbouring sources. In the western region, the 
eastern North African deserts appear to be the main sources, although dust can come 
from the Rakbah Plains to the east. In the central region, the Iraqi desert area is the 
major source dust. Gassim in the north-central region is also affected by dust from the 
Sahara, while Riyadh being closer to the Rub al Khali, is affected more by dust from 
Rub al Khali.  There is also some contribution from the Ad-Dahna Desert.  For the 
eastern region, the Iraqi desert areas on the border in the northern region are the main 
source of dust, while the Rub al Khali and the Ad-Dahna Desert are local sources. For 
the southern region, the Rub al Khali is a major local source and the eastern North 
19 
 
African deserts are remote sources. There is also a measurable contribution from the 
arid areas of Yemen for Najran and Sharurah. For most cities, maximum wind speeds 
were always higher on dust-days (averaging 20 ms
-1
) than on dust-free days 
(averaging about 10 ms
-1
).   
The study period was classified into three time periods based on the frequency of total 
dust events: 1985-1994, 1995-2009 and 2010-2013.  The frequency of all three types 
of dust events was determined for eight of the most dust prone cities in Saudi Arabia. 
Except for Riyadh, which has had a statistically significant increase in Haze, nearly all 
cities had a statistically significant decrease in dust activity for all three types of dust 
events. An examination of the mean sea level pressure patterns over the same period 
shows some subtle changes in the intensity and position of the dominant pressure 
systems, particularly in spring and summer. This change may be reflected in the 
change in dust event frequency. However, the relationship between the Southern 
Oscillation Index (SOI) and dust activity was found to be quite weak. The strongest 
correlation was found between annual DS (dust storm) frequency and the SOI, and 
between annual Haze and LDE frequency and rainfall over the Rub al Khali. There 
was also a moderate correlation between annual Haze frequency and total rainfall over 
Saudi Arabia. 
A number of case studies were examined for both Saudi Arabia and Australia, which 
showed similarities in preceding synoptic conditions. In all cases, there was the 
existence of a zone of baroclinity, which causes atmospheric instability, a major 
trigger for dust storms.  
This research will contribute to the knowledge of dust research in Saudi Arabia. The 
contribution to research in Saudi Arabia is based on comprehensive analysis of 
temporal and spatial distribution of different types of dust over the last three decades. 
It has found significant behavioural change in dust activity, especially in Haze and 
LDE related to the changing phase of the ENSO cycle and also to rainfall variation 
over the Rub al Khali. The airflow pathways of dust and dust-free days were identified 
using HYSPLIT for spring, enabling potential dust sources to be pinpointed.  
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 Introduction  Chapter 1
In the past few decades, the climate has undergone significant change. According to 
Cleugh et al. (2011), global sea levels are rising at an average rate of 3.2 mm per year, 
almost twice the average rate experienced during the whole 20
th
 century, and in 
Australia, sea surface temperatures have increased every single decade since the 
1950s.  In Saudi Arabia, there has been a statistically significant decrease in 
precipitation and increase in temperature in the last few decades (Almazroui et al., 
2012) with 2010 being the warmest year in Saudi Arabia (Almazroui, 2012b). In the 
same year, the air temperature reached a record breaking 52 °C in Jeddah on the 22
th
 
of June. Moreover, in 2009 and 2011, there were severe precipitation events which 
struck the city of Jeddah, causing the loss of many lives (Almazroui, 2012a).  Such 
extremes events might be the result of indirect impacts of climate change (Almazroui, 
2011). The trigger for these events is likely due to changes in the prevailing synoptic 
conditions. In dust prone areas, this could result in either an increase or decrease in 
dust storm activity.  This thesis investigates dust activity over the last three decades in 
Saudi Arabia and the synoptic conditions, which have the potential to trigger dust 
storms. While the main focus is on Saudi Arabia, these synoptic conditions are 
compared with the type of conditions leading to a major dust storm in eastern 
Australia, the most dust prone continent in the Southern Hemisphere. 
The importance of dust research 
Dust storms are meteorological phenomena that frequently occur in the arid to semi-
arid areas extending from 20°N to 30°N (Figure ‎1-1) which experience low annual 
rainfall (Goudie and Middleton, 2006). These events are defined as strong turbulent 
winds that transport large clouds of dust into the atmosphere (Westphal et al., 1988). 
In a massive dust storm, clouds of fine dust particles are lifted to a height of over 
10,000 ft (3000 m) and can be transported hundreds or thousands of kilometres 
(Wilderson, 1991). The transported dust (Kloor, 2008) can also negatively impact the 
areas near dust sources.   
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Airborne dust particles directly affect the radiation balance of both the surface and the 
atmosphere by scattering incoming radiation back into space, thereby cooling the 
Earth’s surface (Tegen et al., 1997, Haywood and Boucher, 2000, Harrison et al., 
2001, Ramanathan et al., 2001, Sokolik et al., 2001, Natsagdorj et al., 2003, Kim et 
al., 2008, Wild, 2009). Dust can also indirectly affect the radiation balance by altering 
the lifetime of clouds, as well as their albedo and optical properties (Levin et al., 1996, 
Wurzler et al., 2000), by acting as cloud condensation nuclei (Charlson et al., 1992, 
Chang and Park, 2004). Dust from the Middle East is transported over large distances 
to East Asia (Tanaka et al., 2005, Al-Dabbas et al., 2012). This dust is believed to play 
an important role in mid-tropospheric warming and therefore in the melting of the 
Himalayan glaciers (Gautam et al., 2010, Prasad et al., 2009).  
Dust storms have been shown to affect the tropical water cycle (Liepert et al., 2004), 
the Asian monsoon (Lau and Kim, 2006, Lau et al., 2006), the West African monsoon 
(Sun et al., 2009, Lau et al., 2009), and atmospheric stability in general. Thus, they 
can also affect the wind speed profile of the lower atmosphere (Choobari et al., 2012). 
Mineral dust is critical for marine biological and chemical processes; for example, 
dust provides a source of iron for phytoplankton (Fung et al., 2000). As a result, dust 
can modify the global carbon cycle. 
Dust also has severe impacts on infrastructure, from roads and airports to important 
urban facilities such as hospitals, oil refineries, power lines and power stations. A 
study by Lee et al. (2014) investigated the adverse effects of Asian dust storms (ADS) 
on human health in three Asian cities (Seoul, South Korea; Taipei, Taiwan; and 
Kitakyushu, Japan). The adverse impact of naturally sourced dust on human health has 
also been documented by Kwon et al. (2002), Chen et al. (2004) and Derbyshire 
(2013), and on air quality, by Claiborn et al. (2000) and Liu et al. (2006). Many 
studies have reported increased morbidity and mortality resulting from elevated 
atmospheric particulate matter (Yang, 2006, Chan and Ng, 2011, Kashima et al., 2012, 
Lee et al., 2013, Dockery and Pope, 1994) 
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Dust Sources 
Global dust sources 
Global dust sources are widely distributed (Figure ‎1-1) and have strong impacts on 
various parts of the world. The Sahara Desert in North Africa is one of the major dust-
producing regions on Earth (Prospero et al., 2002a, Washington et al., 2003, 
Engelstaedter et al., 2006). The Arabian Peninsula (Middleton, 1986, Prospero et al., 
2002a), Iran, Turkmenistan, Afghanistan, Pakistan, northern India, the Namib and 
Kalahari Deserts, and the Tarim Basin in China are also major sources of dust 
(Engelstaedter et al., 2006), as is the Great Plains region of the western United States 
(Kassas, 1995). The other main source regions for dust are located in Central and 
South Asia (Goudie and Middleton, 2006). In the Southern Hemisphere, Australia is 
the principal source of dust (Wagener et al., 2008). Dust emissions from these major 
sources occur frequently (Prospero et al., 2002a). 
 
Figure ‎1-1: Global dust-producing regions (http://www.meted.ucar.edu/mesoprim/dust/print.htm, accessed on 30 January 
2016).  
Desertification of arid and semi-arid lands has likely been accelerated because of the 
relationship between dust activity and changing climatic factors (Goudie, 2009). Han 
et al. (2008) predicted that worsening drought conditions would lead to an increased 
frequency of dust storms over the entire globe. 
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Main sources of dust in the Middle East  
The Middle East is considered to be one of the major dust sources in the globe, as 
shown in Figure ‎1-1. A study by Eckardt and Kuring (2005) shows that dry riverbeds, 
for example along the Makran coast of Pakistan, can be important point sources of 
dust in the Middle East (Figure ‎1-2). The characteristics of some lake basin surfaces, 
such as texture, wetness and the growth of salt crusts, can also lead to dust production 
(Reheis, 2006, Reynolds et al., 2007).  
Hickey and Goudie (2007) studied the factors contributing to dust emissions in the 
Sistan Basin (south-eastern Iran) and the Tokar Delta (Sudan), which are indicated in 
Figure ‎1-2. These two regions are termed ―hot spots‖ in the Middle East. The Sistan 
Basin is a closed basin that includes a large area of deltaic sediments created by the 
Hirmand (Helmand) River; it is affected by high winds because of a combination of 
topographic channelling and strong pressure gradients. Similarly, the Tokar Delta of 
Sudan is located in an arid region that has strong winds because of a major gap in the 
Red Sea hills. 
Dust sources in the Middle East extend from the Euphrates and Tigris River basins 
(Iraq) to the coast of Oman (Mashat and Awad, 2010). In Saudi Arabia and Iraq, dust 
sources are associated with old alluvial deposits. The type of soil that leads to dust 
activity in the United Arab Emirates originates in coastal sabkhas (salt plains) 
(Prospero et al., 2002a).  
The main dust sources in Saudi Arabia include the Rub al Khali (meaning "Empty 
Quarter" in Arabic), the An Nafud and the Ad Dahna deserts as shown in Figure ‎1-2.  
This study will discuss these sources in detail later in Chapters 5 and 6.  
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Figure ‎1-2 Map of Saudi Arabia and the surrounding area; the most common dust source areas are indicated in blue boxes.  
Main Study Area of Saudi Arabia 
Saudi Arabia is a vast country situated in the far south-western corner of the Asian 
continent. The country ranges in longitude from 34°E to 55°E and in latitude from 
16°N to 32°N (Figure ‎1-2). It is bordered to the east by the Arabian Gulf, the United 
Arab Emirates, Qatar and Bahrain. To the north, Saudi Arabia shares a border with 
Kuwait, Iraq and Jordan. To the west, it is bordered by the Red Sea, with a coastline 
extending for 2400 km. To the south, it shares a border with Yemen and Oman. Saudi 
Arabia occupies approximately 80% of the Arabian Peninsula and has an estimated 
area of 2,149,790 km
2
.   
There are a range of geographical features across Saudi Arabia. In the west, there are 
narrow plains (the Tihamah coastal plains) bordered by the Red Sea and a chain of 
highlands (the Hejaz and Asir Mountains), with a maximum elevation of 2000 m. In 
the centre, rocky plateaus and desert areas are dominant features, comprising up to 
90% of the region. The vast deserts in this central region include An Nafud in the 
north and Rub al Khali in the south. In eastern Saudi Arabia, large, low-lying plains 
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extend along the coast of the Arabian Gulf. This variability in terrain affects dust 
production and composition. 
Dust events are a regular occurrence in Saudi Arabia and affect daily life in many 
ways. Therefore, dust is an on-going and important topic of research in this country.  
Aims and objectives of the current study 
The objective of this research is to investigate whether or not there have been changes 
in dust activity over Saudi Arabia over the past three decades (1985-2013), during 
which time there has an increase in the global temperatures and increasing 
urbanisation in Saudi Arabia. To achieve this aim, the following analyses have been 
conducted: 
 classification of  dust activity in terms of Haze, Local Dust Events and Dust 
storms, by season and region in Saudi Arabia. This was done to determine if 
there have been any changes in types of dust activity over the period of interest 
(Chapter 4) 
 identification of the potential local, neighbouring and remote sources of the 
dust using wind roses (Chapter 5) and back trajectories (Chapter 6)  
 investigation of the change in frequency of  the different types of dust events 
over time for 25 cities across Saudi Arabia (Chapter 7) 
 examination the relationship between the Southern Oscillation Index (SOI) and 
the three types of dust activity between 1985 and 2013 in Saudi Arabia 
(Chapter 7) 
 examination the relationship between the rainfall and the three types of dust 
activity between 1985 and 2013 in Saudi Arabia (Chapter 7) 
 examination of the mean sea level pressure patterns from 1985 - 2013 to look 
for any noticeable changes that might have occurred with the warming of the 
climate in the latter part of the 20th century and early 21st century (Chapter 7) 
 exploration of the changes in dust activity in the most dust prone cities between 
1985-1994, 1995 – 2009 and 2010 – 2013 in Saudi Arabia (Chapter 7) 
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 analysis of  the meteorological and synoptic conditions associated with five 
major dust storms, four  in Saudi Arabia and one in  Australia (these countries 
are two main global dust sources with very different climatological 
characteristics) (Chapters 8). 
Scope and innovation of this study 
This research presents a comprehensive analysis of the temporal and spatial 
distribution of haze, local dust events and dust storms during the last three decades for 
25 cities across Saudi Arabia. These cities span the range of topography and climate 
regimes in east, west, north, south and central parts of the country. The study 
identifies the remote and local sources of dust using Hysplit Backward Trajectory 
analysis and the wind roses for the five main regions of Saudi Arabia. A temporal 
analysis was also conducted through the study of the synoptic characteristics of the 
classes of the dust events and the seasonal variability of the different dust types. 
In addition, this study examines the synoptic conditions leading to a number of major 
dust storms that had a severe impact on Saudi Arabia. These case studies are then 
compared with a severe Australian dust storm that occurred in eastern Australia to 
look for similarities and differences. 
The innovation in this thesis is the more detailed look at the sources of dust, the 
change in frequency over time of different types of dust events and an investigation of 
the relationship between the ENSO cycle, rainfall and frequency of dust events. There 
is also an examination of the subtle changes which have occurred in the seasonal mean 
sea level pressure patterns over the past three decades. 
In the next chapter, a review of the literature will provide an overview of the 
mechanics of dust storms and relevant research on dust storms in particular, in Saudi 
Arabia and Australia. 
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 Review of the Literature on Dust Generation and Dust Storm Chapter 2
Activity 
There are a number of countries, which are affected on a regular basis by major dust 
storms either directly from local sources or indirectly from wind driven events. In the 
Northern Hemisphere, the main sources of dust are the Sahara Desert, the Middle 
East, the Gobi Desert in Mongolia and the western desert regions of the United States 
of America. In the Southern Hemisphere, the main sources of dust are the inland 
desert regions of Australia. A search of the literature using Scopus and Google 
Scholar reveals that the most publications are from China, followed by a significant 
number from the USA. Australia and the Middle East are also very active in dust 
research. 
 Research into dust storms covers a wide range of perspectives including the 
mechanism of dust storm formation (Kalu, 1979, Wilderson, 1991, Prospero et al., 
2002a), transportation (Wilderson, 1991, Shao et al., 1993, Zender, 2004) and 
deposition rates (Wilderson, 1991, Stewart et al., 1985, Tegen and Fung, 1994, 
Ĉolović-Daul, 2007), mass of the dust plumes (Xiaojing et al., 2010, McTainsh et al., 
2005), meteorological conditions associated with different types of dust storms 
(Brazel and Nickling, 1986, RenHe et al., 2014, Nickling and Brazel, 1984, Raman et 
al., 2014, Shalaby et al., 2015, Strong et al., 2011), sources of dust storms (De 
Deckker et al., 2014, Sun et al., 2001), spatial and temporal changes in dust activity 
(Bach et al., 1996, Ackerman and Cox, 1989, Alharbi, 2009, Yu et al., 2013, Furman, 
2003), influence of climate factors(RenHe et al., 2014, Guan et al., 2015, Okin and 
Reheis, 2002, McTainsh et al., 1989, Lamb et al., 2009, Hasanean et al., 2013, Li et 
al., 2015, Amanollahi et al., 2015) as well as chemical composition (Radhi et al., 
2010) and its effect on the biosphere (Meola et al., 2015, Shaw et al., 2008, Tan et al., 
2013).  
This chapter focuses specifically on the literature related to dust formation 
mechanisms, spatial and temporal variability of dust storms and the meteorological 
conditions and climate factors leading to dust storms and their sources in different 
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parts of the world (East Asia, the USA, Australia and Saudi Arabia). Particular 
attention is given to research in Saudi Arabia and Australia. 
Dust formation mechanisms 
Dust sources are generally associated with low-lying terrains such as dry lakes and 
plains located in arid regions with a rainfall deficit (less than 250 mm per year) 
(Prospero et al., 2002a). The role of vegetative cover and geography of the area were 
identified by Wyatt and Nickiing (1997) and Engelstaedter et al. (2003) as significant 
factors in dust emissions and the frequency of dust storms.  Tozer (2012) and Prospero 
et al. (2002a) also singled out poor land management and other anthropogenic 
activities as factors leading to more frequent dust activity, with the absence of 
vegetation cover leaving the soil surface prone to wind erosion from even the slightest 
breeze.   
Gillette (1981) studied the generation of dust storms on a micro-meteorological scale 
and found that the mobilisation of dust is affected by several factors including soil 
moisture content, surface conditions and the extent of particle cohesion. Mobilisation 
typically occurs in areas with abundant fine soil particles and clays, such as 
topographic depressions that contain dry lake deposits (Tegen et al., 2002).  
Annual dust variability in the atmosphere is influenced by three main factors: strong 
heating of deserts, which leads to convective disturbances in the lower atmosphere; 
wind speeds above a certain threshold value (depending on soil type, vegetation cover 
and dust particle size); and the amount of rainfall (Dulac et al., 1996, Prospero, 1996, 
Alpert et al., 2004, Duce, 1995, Middleton, 1985, Barkan et al., 2004). Together, these 
factors control dust loading and transport in the atmosphere. 
Mobilisation 
For dust to be lifted into the atmosphere, favourable conditions must exist, including 
high wind speed, a sufficiently erodible dry surface area and upward vertical motion 
due to atmospheric instability, which can be triggered either by convection (in deserts) 
or by synoptic conditions (Kalu, 1979, Wilderson, 1991, Prospero et al., 2002a). The 
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combination of horizontal wind speed and vertical upward velocity determines the 
upward motion of eroded particles into the atmosphere. 
The strength of the wind required to lift dust into the air has been studied widely. 
Estimates range from 4.9 ms
-1
 to 6.2 ms
-1
 depending on the nature of the surface 
(Coles, 1938, Bagnold, 1941, Morales, 1977). Wind speeds of 4.1-5.1 ms
-1
 are 
generally required to lift sand particles in local dust events. However, the large-scale 
dust storms associated with synoptic-scale meteorological features require speeds of at 
least 7.7 m s
-1
 (Wilderson, 1991).   
In general, surface wind speeds can be divided into five threshold values depending on 
the soil type. Particles with a diameter from 80-100 μm require wind speeds of 4.9-
13.4 ms
-1
 to become mobilized (Clements et al., 1963); this size range represents fine 
dust that is easily removed from soil. For particles from 1000-2000 μm, the threshold 
speed ranges from 18.7 to 21.1 ms
-1; for particles larger than 2000 μm, the speed must 
be stronger than 22.4 ms
-1
; particles larger than 4000 μm are rarely mobilized by 
wind. The threshold wind speeds required eroding particles from different types of 
desert environments are shown in Table ‎2-1. 
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Table ‎2-1: Threshold wind speeds for dust lofting in various desert environments (Edgell, 2006a)
 Soil Type Threshold Wind Speed 
Fine to medium sand in dune-covered areas 4.5 to 6.7 ms
-1
 (8.7 to 13 kn) 
Sandy areas with a poorly developed desert 
pavement 
9 ms
-1
 (17.4 kn) 
Fine material, desert flats 9 to 11.2 ms
-1
 (17.4 to 21.7 kn) 
Alluvial fans and crusted salt flats (dry lake 
beds) 
13.4 to 15.6 ms
-1
 (26.1 to 30.4 kn) 
Well-developed desert pavement 18.9 ms
-1
 (36.8 kn) 
Transportation 
Once particles are lifted into the atmosphere, the concentration of particles in the 
atmosphere is maintained even if the wind speed at the surface decreases below the 
lifting threshold. This effect occurs because of bombardment between particles of 
different sizes, which weakens the binding forces and facilitates the continual 
formation of dust (Wilderson, 1991).  
Dust particles lifted into the atmosphere can be transported over a range of distances 
depending on particle size. Coarse (large) particles move shorter distances and settle 
back to the surface under gravitational force. Fine particles can travel much longer 
distances and remain suspended in the atmosphere for longer periods. At the surface, 
the movement of small particles is enhanced by the collision of large particles 
(Wilderson, 1991).   
There are three different mechanisms for moving dust into the atmosphere: surface 
creep, saltation, and suspension (Bagnold, 1941). These processes are illustrated in 
Figure ‎2-1 and described below. 
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1. Surface creep: this mechanism operates when light winds roll large particles 
along the surface. 
2. Saltation: this process of removing particles from the surface involves a series 
of bombardments and collisions that move particles horizontally and vertically. 
Initially, downward movement is stronger than upward. The saltation process 
continues if the particles that moved upward return to the surface and collide 
with other particles. This mechanism is the dominant process involved in 
removing particles from the surface; other processes can take over depending 
on atmospheric conditions (Shao et al., 1993).  
3. Suspension: this is the mechanism by which small, fine particles are 
transported into the atmosphere and advected horizontally under favourable 
atmospheric conditions. For particles to become suspended and to continue 
moving upwards, wind speeds must be strong enough to support the weight of 
the particles. Winds generate turbulence, which lofts the particles through 
vertical mixing (Zender, 2004). Horizontal advection depends on synoptic 
dynamics, which can disperse particles over thousands of kilometres (Zender, 
2004). Together, vertical turbulence and horizontal advection, which usually 
occur in an unstable atmosphere, can transport particles far from their source 
region on scales as large as the continental scale. 
 
Figure ‎2-1: Physical processes of particle motion (http://www.wmo.int/pages/prog/arep/wwrp/new/source.html, accessed on 
13 March 2015).  
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Deposition 
Atmospheric aerosols include particles ranging in size from 0.001 to 1000 µm in 
diameter (Seinfeld and Pandis, 2012). The lifetime of particles in the troposphere 
depends on their size (Ĉolović-Daul, 2007). Fine particles have longer atmospheric 
residence times than coarse particles. Particles with a diameter less than 1 µm have a 
lifetime of approximately 2-3 weeks. Larger particles such as sand and large silt 
require several hours to settle out (Tegen and Fung, 1994). 
Two factors that control dust suspension are upward vertical motion and terminal 
velocity. The former controls the suspension of particles in the atmosphere and 
depends on air turbulence. The latter is the velocity at which a particle begins to 
descend; it is attained when the sum of the drag (air resistance) and buoyancy forces 
equal the gravitational force on the particle (Stewart et al., 1985). This relationship 
depends on particle size; coarse particles have a greater terminal velocity and descend 
to the surface at a faster rate.  
Particles are mainly removed from the atmosphere by two processes: dry and wet 
deposition (Ĉolović-Daul, 2007). The former is more efficient in removing large 
particles (Wilderson, 1991). Wet deposition removes fine particles by incorporating 
them into clouds and depositing them during precipitation. However, it can take years 
for fine particles to descend to the surface if these particles are raised above the 
boundary layer (for example, when volcanic ash reaches the stratosphere). Wilderson 
(1991) demonstrated that fine particles had a long deposition time in the southern part 
of the Arabian Peninsula, including a vast area of sand called ―the Rub al Khali ".  
Types of dust storms 
As reported by McTainsh and Pitblado (1987) and Goudie and Middleton (2006), the 
World Meteorological Organization’s (WMO) standard definition of events that 
involve dust entrainment into the atmosphere are as follows: (a) dust storms that result 
from strong winds raising large amounts of dust into the atmosphere and reducing 
visibility to under 1000 m; (b) blowing dust raised by winds to high levels above the 
ground and reducing visibility at eye level (1.8 m) but not to less than 1000 m; (c) 
dust haze created by suspended dust particles raised from the ground by a dust storm 
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prior to the time of observation; and (d) dust whirls, which are spinning columns of 
dust moving with the wind, usually less than 30 m but reaching over 300 m in 
diameter (small-diameter events are also called ―dust devils‖). In addition, natural dust 
suspensions occur when wind flows over loose, fine-grained sand and soil; these 
events can be classified according to the associated synoptic or meso-scale flow and 
its duration (Wigner and Peterson, 1982). First are dust devils, which are limited in 
aerial extent and occurrence. Second are thunderstorm outflows, which last up to 30 
min.  Third are frontal passages, which can last for several hours prior to the passage 
of a cold front and approximately 1 hour afterwards. Fourth are troughs with a period 
of 4 to 8 hours; this type of event is associated with deep cyclones that usually persist 
for 12 to 36 hours. 
Global research on dust storm activity 
In 1992, Goudie and Middleton (1992) examined the long-term meteorological data 
for trends in dust frequency. Their study included the Great Plains of the USA (1922-
1970), the Union of Soviet Socialist Republics (1936-1962), Morocco (1951-1980), 
Mauritania (1960-1986), Senegal (1966-1979), The Arabian Gulf (Kuwait, Bahrain 
and Doha) (1962-1983), Jordan (1965-1983), the Sahel-Sudan zone of Africa (1955-
1979), China (1954-80), Mongolia (1946-1986) and Mexico (1952-1984) in the 
Northern Hemisphere and Australia (1941-1982) in the Southern Hemisphere.  They 
found no one global pattern of dust storm frequency. In the Sahel, there had been a 
sharp increase but a decline in Mexico City; other areas showed a more cyclical 
pattern. The effect of drought years and anthropogenic changes to the landscape both 
had an impact on dust storm frequency. 
East Asia 
Sun et al. (2001) identified the main sources of dust in China being the Gobi Desert in 
Mongolia and the Taklimakan desert in western China. Haze events in China are 
characterized by low wind speeds as demonstrated by RenHe et al. (2014), who 
related it to a weak East Asian winter monsoon. In Mongolia itself, dust storms are 
associated with high winds and low humidity. These mainly occur in spring during the 
daytime, with the main source of dust coming from the inner Mongolian desert region 
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(Natsagdorj et al., 2003, Guan et al., 2015). Natsagdorj et al. (2003) also noted that 
there appeared to be a trend in the frequency of dust-days with the number tripling 
between the 1960s and 1990s. This has since decreased. Over a similar time period 
(1960 -2007) Guan et al. (2015) analysed the frequency of dust storms and severe dust 
storms. Their data show a sudden decrease between 1988 and 1999, after which the 
number increased, but not to the same levels reached in the previous years. Guan et al. 
(2015) suggests this is due to a change in precipitation and temperature from 2000. 
North America 
A long term study in the Western United States on the climatology related to dust, 
identified 182 local dust events from 2000 to 2007 (Tong et al., 2012). The locations 
chosen for examination were close to the four main US deserts, namely the Great 
Basin Desert, the Sonoran Desert, the Mojave Desert and the Chihuahuan Desert. It 
was noted that the highest frequencies occurred in 2002, 2003 and 2007. A peak in 
dust activity was observed in spring from March to July, with a second peak in 
autumn from September to November. Storms occurring in spring were also observed 
in Salt Lake City, where they tended to occur in the afternoon (Hahnenberger and 
Nicoll, 2012). 
Brazel and Nickling (1986) classified the synoptic conditions, which trigger dust 
storms in Arizona using synoptic surface and upper air data and wind data from 321-
recorded dust storms during 1965-1980.  These synoptic conditions were: pre/post 
frontal dust storms occurring mostly in the late autumn, winter and spring; 
thunderstorm/convective dust storms occurring mostly in the summer season; tropical 
depression dust storms, rare but extreme and can remain active for a few days; and 
upper level/cut-off low dust storms occurring during in the late spring to early summer 
and in the autumn season (Nickling and Brazel, 1984, Brazel and Nickling, 1986). 
Nevertheless, they concluded that the most significant factor in the generation of dust 
storms was the dryness of the land and vegetative cover. This corroborated and 
extended previous work conducted by Nickling and Brazel (1984) who had examined 
the frequency of dust storms based on four weather stations in Arizona.  
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Raman et al. (2014) made a detailed study of a specific convectively driven dust storm 
(also known as a Haboob), which struck Phoenix Arizona on 5 July 2011. Using 
surface observations, satellite imagery and radar, they showed it was the result of high 
flow boundaries with peak wind gusts of 29 ms
-1
 initiated in the southeast of Tucson.   
The composition of dust in Arizona was shown to be a combination of PM10, PM2.5, 
fine soil and other dust (Lopez et al., 2015). Extreme pollution events as a result 
tended to occur in August (late summer). However, the authors also reported that there 
was a peak in pollution events between March and June, which contained Asian dust, 
clearly indicating the effect of long-range transport.  
Blowing dust, rather than dust storms per se, are more of a problem in southern 
California. Temporal and spatial characteristics of these types of events were studied 
by Bach et al. (1996) encompassing the years from1973 to 1994. While the frequency 
of these events tended to coincide with the previous year’s rainfall, the authors also 
identified dust storms associated with dry frontal activity in the winter to spring 
months and convective thunderstorms in summer. 
A significant relationship was demonstrated between the ENSO anomaly and 
precipitation in south-western part of the USA (Okin and Reheis, 2002). It appeared 
that dust storm frequency increased in the years following strong La Niña and El Niño 
years. 
Australia 
Much of inland Australia is desert, so the potential for dust storms is high.  Ekstrom et 
al. (2004) mapped dust storms based on data from 95 weather stations across Australia 
during the period 1960-1999, and noted two distinct seasons: spring to summer mainly 
affecting the interior of the continent, and summer–autumn mainly affecting coastal 
regions of southern and western Australia. The Simpson Desert had the highest 
frequency of dust storms (Middleton, 1984). During the period analysed by Middleton 
(1957 to 1982), Alice Springs had the highest annual average of 10.8 storms per year, 
occurring mainly during the late spring and summer months. 
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An analysis of dust storm frequency since Middleton’s study, Speer (2013) showed 
that dust storms over Eastern Australia over spring and summer, decreased in the mid-
1970s, following a significant La Niña in which south-eastern Australia had episodes 
of flooding rain.  There were similar occurrences in 2000 - 2001 and 2010-2011.  
Lamb et al. (2009) also observed a multi-decadal variability in dust activity over 
eastern Australian and northern New Zealand using surface dust observations from 
1959 to 1973.  This variability was closely correlated with the oscillation in the 
Pacific Climate system.  Generally however, low annual rainfall over the Lake Eyre 
Basin, particularly during El Niño years, combined with strong westerly winds, results 
in widespread dust storms in eastern Australia.   
Strong et al. (2011) examined the synoptic conditions giving rise to dust storms 
generated in the Lake Eyre Basin in more detail, using two years of weather 
observations (2005 and 2006).   Of the 160 days of the dust events recorded between 
2005 and 2006, 51% were associated with fronts and pre-frontal troughs, generating 
pre-frontal northerly winds, frontal westerlies and post-frontal southerlies.  A further 
24% were associated with heat troughs producing pre-trough northerly winds and 
post-trough southerly and westerly winds with associated thunderstorms. High-
pressure systems produced south-easterly winds (22%) while low pressure systems 
(3%) resulted in variable winds.  Due to the variability of the wind direction, the dust 
can also follow a number of different paths. This was demonstrated by Baddock et al. 
(2015) who showed dust moving in three directions from the lower Lake Eyre Basin 
during the passage of a frontal system.  While all the above studies have shown that 
the generation of dust storms requires strong winds travelling over arid areas, the most 
significant factor is the amount of precipitation or drought experienced in these 
regions as McTainsh et al. (1989) showed in their study of dust storms in Australia 
between 1960 and 1984.   
 
Research specifically related to Saudi Arabian dust storms 
Middleton NJ (1986a) conducted a climatic analysis of dust activity in the Middle 
East by examining horizontal visibility over a 10-year period (during the 1950s to the 
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1960s) and showed that a major source of dust came from Lower Mesopotamia 
(southern Iraq), but over that time period, there appeared to be a drop in dust activity 
over eastern Saudi Arabia. Middleton also demonstrated that the dust storms in the 
northern parts of Saudi Arabia mainly occurred in the spring whereas those in the 
southern parts were more likely to occur in the summer. Furman (2003) examined 
visibility reductions for a later period, 1973-1993 and came to similar conclusions to 
Middleton.  
Ackerman and Cox (1989) studied the temporal and spatial distribution of dust events 
over the south-west Indian summer monsoon region over a five-year period (1979-
1983) and found that the dust plume height reached 400 mb during the summer and 
600 mb during the late spring and early autumn. This can be explained by the stronger 
summer heating leading to thermal convection capable of loading the dust higher into 
the atmosphere, which can then be transported further afield. This is consistent with 
Middleton’s and Furman’s observations of more frequent dust storms in the south of 
Saudi Arabia. Ackerman analysed wind directions and wind speeds and came to the 
conclusion that the threshold velocity was 6 m s
-1
 over most of the desert regions. 
Synoptic disturbances and the associated cyclones were crucial in generating and 
transporting dust. Similarly, Alharbi (2009) examined the spatial and temporal 
characteristics of dust storm activity from 2000 to 2003 over Saudi Arabia using 
PM10 dust concentrations. The study used the dust record from the King Abdulaziz 
City for Science & Technology (KACST) monitoring network. These data were 
combined with Hybrid Single Particle Lagrangian Integrated Trajectory Model 
(HYSPLIT) analysis of back trajectories analysis and total ozone mapping 
spectrometer (TOMS) satellite imagery. The study concluded that from March to 
August, the city of Riyadh experienced the strongest dust events. Additionally, and 
based on satellite images and back trajectories for 2000-2005, nine local and four 
remote sources of dust were identified. These sources were found to severely affect 
urban centres such as Riyadh, Dammam and Jeddah.     
Yu et al. (2013) looked at temporal and spatial atmospheric dust variability over Saudi 
Arabia for 2000-2010 using satellite images, aerosol optical depth (AOD) data and 
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weather observations. As with the earlier studies, the data showed that the frequency 
of dust activity was at its maximum during the spring and summer in northern and 
central parts of Saudi Arabia and during early spring and summer across southern and 
western parts of Saudi Arabia. They also demonstrated how the satellite data can be 
unreliable, particularly over areas of low dust activity such as the coastal regions and 
topographically complex highlands.   
Another study investigated the temporal and spatial characteristics of dust storms at 
thirteen Saudi Arabian cities (Notaro et al., 2013). The data used in the study included 
eight years (2005-2012) of weather observations from the National Climatic Data 
Centre (NCDC), gridded data with a resolution of (1°×1°) from the National Centers 
for Environmental Prediction (NCEP), and aerosol optical depth (AOD) data from 
remote sensing and the Global Data Assimilation System (GDAS). Again it was 
shown that dust storm occurred most frequently from February to June, with a spring 
peak in the northern regions and an early summer peak in the eastern regions. 
However, they also identified a winter peak along the southern Red Sea coast. The 
potential dust sources for these peak events were the deserts of An Nafud and Ad 
Dahna. However, cluster analysis of backward trajectories identified the Rub al Khali 
as the main local dust source. (This is corroborates the work of Prospero et al. (2002a) 
who used TOMS AI data for 1980-1992).  The major remote sources were the Sahara 
Desert for western Saudi Arabia and the Iraqi deserts for northern and eastern Saudi 
Arabia. During the late winter and early spring (February, March and April), the 
passage of cyclones associated with cold fronts activated the Mediterranean storm 
track, which carries Saharan dust to the Arabian Peninsula along the northern Red Sea 
coast. Awad and Mashat (2014) identified four major synoptic patterns over Saudi 
Arabia leading to the widespread spring dust events over the central and eastern 
regions.  These conditions resulted from the interplay between high and low pressure 
systems over the Arabian Peninsula. In addition, the extension of the Siberian High 
and the Red Sea (Sudanese) trough affects dust activity in the northern and southern 
regions of Saudi Arabia, respectively (Shalaby et al., 2015) 
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Some interesting observations were made by Amanollahi et al. (2015) who described 
the effect of the temperature difference between the Mediterranean Sea and the Syrian 
Desert on the occurrence of dust over western Iran and eastern Saudi Arabia, 
concluding that the temperature difference, days before a dust storm, is an important 
predictor. Mohalfi et al. (1998) showed dust aerosols significantly alter the radiative 
balance over the Saudi Arabian deserts, which in turn weaken the non-frontal heat, 
lows formed by direct solar heating. This has direct impact on pressure distribution 
thus influencing synoptic-scale systems. The effect of dust storms on meteorological 
parameters was described by Maghrabi et al. (2011) who analysed a strong dust event 
that passed over Riyadh on 10 March 2009. Significant changes in air pressure, 
temperature, relative humidly, wind speed and direction and the aerosol optical depth 
(AOD) were observed.   
Many studies have used numerical models to simulate or predict dust events. For 
example, Draxler et al. (2001) used the HYSPLIT model to estimate PM10 
concentrations between August 1990 and August 1991 in several Middle Eastern 
countries. The model correctly predicted each of the major dust storm events in Saudi 
Arabia but consistently over-predicted the PM10 air concentration, especially in 
coastal areas, because of the coarse resolution of the European Centre for Medium-
Range Weather Forecasts (ECMWF) gridded data used in the model, which could not 
capture small-scale processes such as sea breezes. Similarly, Barnum et al. (2004) 
used a meso-scale meteorological model and a dust transport model developed by the 
University of Colorado to predict dust storm events in the Sahara Desert and south-
western Asia, including Saudi Arabia. The accuracy of the model results was variable. 
The model under-predicted dust storms in the western and central regions of Saudi 
Arabia (these were more strongly affected by Saharan dust).  Nevertheless, it 
performed well over the region east of the Arabian Desert.  
There is a small number of papers which have been published on the global 
atmospheric circulation and air temperatures in Saudi Arabia, (Vorhees, 2006, 
Hasanean et al., 2013, Li et al., 2015). Vorhees (2006) studied the impacts of global 
climate scale variations on Southwest Asia (including Saudi Arabia). The study 
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focused on (autumn – winter) temperature and rainfall in Southwest Asia and its 
relationship with lower and upper level of circulation anomalies in the Eastern 
Hemisphere. They found that the Siberian High (SH) plays a significant role in the 
climate over Saudi Arabia in the winter season. Hasanean et al. (2013) examined the 
behaviour of the central pressure of the Siberian High (SH) from 1949 to 2010 using a 
time series. They explained that the association between the Atlantic region climate 
variability and Middle East was a result of the North Atlantic Oscillation (NAO) 
controlling the Atlantic moisture fluxes and heat into the Mediterranean region. This 
ultimately controls the production of rain associated with cyclones moving from the 
west into the Middle East during the winter. 
ENSO and Saudi Arabia 
It is clear from the preceding discussion that the frequency and intensity of dust 
storms over Saudi Arabia are influenced by the conditions over the Sahara Desert, the 
strength of the Siberian High, the Sudan Low and the Indian Monsoon. Factors, which 
affect these systems, will ultimately affect dust activity over Saudi Arabia. Rowell 
(2003) showed that there is a clear relationship between Mediterranean Sea Surface 
Temperatures (SSTs) and precipitation over the Sahel, with warmer SSTs leading to 
greater rainfall. Krishnamurthy and Goswami (2000) found a strong correlation 
between the Indian monsoon rainfall and ENSO (El Niño–Southern Oscillation 
Index).  In particular, they showed that an El-Niño during the warm phase of the Inter-
decadal Pacific Oscillation (IPO) led to a reduction in precipitation from the Indian 
Monsoon. Conversely, a La Niña was associated with Indian Monsoon flooding 
during the cold phase of the IPO. Hoell et al. (2014) examined the correlation between 
periods of droughts in the Northern Hemisphere with the La Niña phases and 
anomalous tropical west Pacific SST between 1998 and 2011.  They found a 
relationship between rainfall reductions in the Middle East with the central Pacific La 
Nina phases. They observed that there was a weakening in mid-latitude high-pressure 
cells, which resulted in a change in the path of the storm tracks away from the Middle 
East, effectively replacing moist air with dry air. Yu et al. (2015) examined the 
interannual and decadal variability of dust storms over Saudi Arabia and concluded 
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that dust activity is determined by spring rainfall and the intensity of the Shamal 
winds. In particular, they concluded that a winter to spring La Niña reduces rainfall 
across the Rub al Khali resulting in more dust activity in the following spring. 
Two mechanisms for the relationship between ENSO and the North Atlantic were 
proposed by López-Parages et al. (2015). The first is a thermally driven teleconnection 
via the Walker and Hadley Cells.  In this case, they suggest that the coincidence of a 
positive Northern Atlantic Oscillation (NAO) and La Niña events only occurs in some 
decades but not others.  The second mechanism proposed is the generation of Rossby 
waves from the tropical Pacific to the North Atlantic, explaining the observation that 
when the Pacific is warmer than usual, the North Atlantic is colder than usual. 
However, the relationship is clearly not straightforward. 
In summary, the consensus of opinion is that dust storm activity in Saudi Arabia is 
seasonal with peak activity being in the spring in the northern and central regions, and 
in summer in the southern regions. The Siberian High pressure system in the winter 
affects all of Saudi Arabia, while low-pressure systems travelling over the 
Mediterranean from west to east lead to dust storm activity in northern parts in the 
spring. The Indian Monsoon has a significant impact on southern Saudi Arabia 
leading to summer dust storms. The major local dust source appears to the Rub al 
Khali while the major remote sources appear to be the Sahara, which affects the 
western part of Saudi Arabia and the Iraqi deserts, which affect the eastern part. 
From the work cited above on the relationship between ENSO, the Indian Monsoon 
and SST in the North Atlantic, it would be reasonable to conclude any changes in any 
of these systems would result in a concomitant change in the nature and frequency of 
dust storms in Saudi Arabia. In particular, dust storms generated in the Sahara are 
influenced by the Atlantic and Mediterranean SSTs, while those generated in the Rub 
al Khali are affected by the Indian Monsoon Low. 
Most of the research has discussed dust storms or dust activity in general but very 
little has been done to identify the type of dust activity and little has been done to 
investigate changes in dust activity over the past 3 decades. It is likely that changes 
42 
 
have occurred because of significant changes in land use as a result of increasing 
population, and quite possibly, by climate change modifying global scale pressure 
systems. In the following chapters, dust events have been classified into Haze, Local 
Dust Events (LDEs) and Dust Storms (DSs). The frequency of these events is shown 
for number cities representative of the different climate zones in the country for a 
period covering 1985 - 2013.  The source of dust at each of these cities is examined 
using wind roses and Hysplit back trajectories. The frequency of dust events over time 
is also examined, as is the relationship between dust events and ENSO.  
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 Overview of the Dominant Pressure Systems and their influence Chapter 3
on the Climate and generation of Dust Storms in Saudi Arabia  
As discussed in the literature review, Saudi Arabia has quite well defined seasons, 
with dust storms occurring mainly in spring and summer.  
The aim of this chapter is to give an overview of the influence of the dominant 
pressure systems on the climate of Saudi Arabia, and the meteorological conditions 
resulting in different types of dust events in Saudi Arabia.  To achieve the aim, this 
chapter is divided into two parts.  
In the first part, the average seasonal mean sea level pressure data  (obtained from the 
National Centres for Environmental Prediction National Centre for Atmospheric 
Research NCEP–NCAR, reanalysis data (Kalnay et al., 1996, Kistler et al., 2001) have 
been plotted with a resolution of 2.5
o
 (lat) ×2.5o (lon) for each season for the period 
1985 – 2014. 
In the second part, the most common types of dust storms in Saudi Arabia are 
discussed in relation to their associated meteorological conditions resulting from the 
dominant pressure systems in each season.  
Dominant pressure systems in Saudi Arabia (1985–2014)   
The dominant pressure systems that affect the climate of Saudi Arabia and the 
surrounding area vary seasonally, and this strongly affects dust production. The 
average dominant pressure systems for each of the seasons over the time period 1985 
– 2014 are presented in Figures 3-1 to 3-4. 
The influence of Pressure Systems on Climate 
The climate of Saudi Arabia varies regionally depending on the topography. As with 
deserts in general, the climate is hot and dry during the summer and cold during the 
winter. In most regions, the rainy season occurs during the winter and spring. There is 
high relative humidity throughout the year along the coast and in the mountainous 
highlands to the west, which decreases towards the central regions. The climate in the 
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western and south-western highlands is mild, with precipitation occurring mainly 
during the summer. The central region has a typical desert climate with cold and dry 
winters and hot and dry summers.  
Winter  
 
Figure ‎3-1 shows the mean sea level pressure distribution pattern for the winter 
between 1985 and 2014.  
 
Figure ‎3-1: Mean sea level pressure systems that affect Saudi Arabian and surrounding area in winter for (1985 – 2014). 
(Data obtained from the National Centers for Environmental Prediction National Centre for Atmospheric Research NCEP–
NCAR). SH= Siberian High, SHR= Siberian High ridge, SL= Sudanese low and SLR= Sudanese low trough.  
In general, during the winter, the most dominant pressure system is the Siberian High 
ridge (SHR) which extends into the northern, eastern and central parts of the Arabian 
Peninsula  (Figure ‎3-1) bringing cold air masses that decrease the air temperature 
(SHR is shown by the green shading over Saudi Arabia). Farther to the south-west, the 
Sudan Low (SL) pressure system is located over the eastern part of Central Africa. Its 
trough (SLT) extends to Saudi Arabia and brings warm, moist air to the region. One of 
the main sources of the winter rainfall is the interaction between these two pressure 
systems.  
In the east, the extension of SH brings cooler air to the coastal area of the Arabian 
Gulf producing a mild and humid winter. To the west, mild conditions prevail even 
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though there is the potential for the SL to contribute warm moist air; the temperature 
is mainly related to the altitude in this part of the country. On both sides of the 
country, the persistence of high humidity in the coastal regions is primarily due to 
proximity to the ocean. 
The climate in the north-western highland regions is cold and moist, sometimes 
producing snow. In the northern town of Turaif, the passage of cold fronts associated 
with low-pressure systems crossing the Mediterranean Sea produces a combination of 
winter rainfall and dust storms. However, this is not apparent in average pressure 
systems shown in Figure ‎3-1 as this is a thermal dynamic low, which moves rapidly 
from the north-west of Africa, across the Mediterranean Sea and the northern part of 
Saudi Arabia (Middleton, 1986, Hamidi et al., 2013). 
There are significant latitudinal temperature variations in the highlands. During the 
winter, if the extension of the SHR penetrates south to the northern highlands of Saudi 
Arabia, this cold air mass can cause temperatures to fall below 0 °C. Farther south, the 
effect of the cold air mass is weakened and thus temperatures can be 5 to 7 °C higher 
(Lee et al., 1984, Algafari, 2006).  
Desert climates are typified by hot days and cold nights due to radiative cooling, and 
humidity is low. During the winter, temperature decreases towards the north due to the 
combination of increasing latitude and proximity to the centre of the SH, (Lee et al., 
1984, Algafari, 2006). 
Spring  
During the spring, the dominant pressure system that affects Saudi Arabia is the SHR, 
which retreats northward due to the seasonal movement of the Inter-tropical 
Convergence Zone (ITCZ) (Figure ‎3-2).  
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Figure ‎3-2: Mean sea level pressure systems that affect Saudi Arabian and surrounding area in spring for (1985 – 
2014).(Data obtained from the National Centers for Environmental Prediction National Centre for Atmospheric Research 
NCEP–NCAR). SH= Siberian High, SHR= Siberian High ridge, SL= Sudanese Low and SLT= Sudanese Low Trough.  
Thus, the effect of the SH on Saudi Arabia is weaker than during the winter. The SLT 
remains over the Red Sea coast during the spring. At this time, the seasonal thermal 
low pressures that develop in north of Africa and move eastward across the 
Mediterranean sea and Saudi Arabia become more frequent, probably due to the 
weakening of the SHR. Cumulus clouds, producing heavy downdrafts over northern 
Saudi Arabia, often accompany this low-pressure system. The transported Saharan 
dust, together with local dust generated by the downdrafts from cumulus clouds, leads 
to severe and widespread dust storms (Middleton, 1986, Hamidi et al., 2013). This 
early spring dust activity can affect most of Saudi Arabia.   
At the same time, since the SHR retreats northward, the SLT becomes more active 
giving rise to strong southerly winds carrying moist, hot air that causes dust storms 
along the western Red Sea coast. 
Summer  
During the summer, the dominant pressure system that affects Saudi Arabia is the 
Indian Monsoon Low (IML) creating a strong thermal low over the Rub al Khali in 
the Arabian Peninsula. The second pressure system impacting the summer season is 
the Azores High Ridge (AHR) (Figure ‎3-3).  
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Figure ‎3-3:Mean sea level pressure systems that affect Saudi Arabian and surrounding area in summer for (1985 – 
2014).(Data obtained from the National Centers for Environmental Prediction National Centre for Atmospheric Research 
NCEP–NCAR). IML= Indian Monsoon Low, AHR= Azores High Ridge and AH= Azores High.  
During this season, the SH shrinks towards the north-east and its influence over the 
Arabian Peninsula is further weakened. The interaction between the extension of the 
IML that comes from the eastern part of Saudi Arabia and the AHR, which comes 
from the northern parts, produces a strong pressure gradient. This situation causes 
strong winds leading to dust storms in north-eastern Saudi Arabia. These winds are 
called summer Shamal winds. 
The extension of the IML drives the summer climate, causing the coastal regions (the 
Red Sea to the west and the Arabian Gulf to the east) to have hot and humid summers.  
The climate of the northern highland regions is warm and dry. Precipitation is almost 
non-existent since the extension of the AHR creates stable atmospheric conditions 
(Figure ‎3-3). In the south-western highlands, summer monsoonal rainfall can occur 
because of strong convection resulting from the heat and humidity generated by the 
IML. These short-lived but heavy precipitation events often cause flash flooding (Lee 
et al., 1984, Algafari, 2006). 
Autumn  
During autumn, the trough of the IML retreats and moves eastward, and the extension 
of the SL begins to move south-west of the Arabian Peninsula and over the Red Sea 
(Figure ‎3-4). In addition, the SH begins to strengthen, advancing from north-east of 
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the Caspian Sea to north-east of Saudi Arabia, causing noticeable reductions in 
temperature (Lee et al., 1984, Algafari, 2006). Finally, the AHR located over North 
Africa gives rise to a weak pressure gradient with the SHR. This pattern creates stable 
conditions during the autumn, resulting in very few dust storms. 
 
Figure ‎3-4: Mean sea level pressure systems that affect Saudi Arabian and surrounding area in autumn for (1985 – 2014) 
(Data obtained from the National Centers for Environmental Prediction National Centre for Atmospheric Research NCEP–
NCAR). AH= Azores High, AHR= Azores High Ridge, SH= Siberian High, SHR= Siberian High ridge, SL= Sudanese low 
and IML= Indian Monsoon Low.  
Classification of dust events in Saudi Arabia based on meteorological 
conditions  
The meteorological conditions discussed above result in dust storms on different 
scales; they may be associated with large-scale (Prospero et al., 1981, Prospero et al., 
2002b, Yang et al., 2008), synoptic-scale (Ekstrom et al., 2004, Hamidi et al., 2013, 
Algafari, 2006) or meso-scale systems (Morton et al., 1995, Yang et al., 2001, Shao, 
2001). These types of dust events develop at different times of the year.  
Synoptic Scale systems 
Synoptic scale systems are driven by large-scale pressure differences resulting in cold 
fronts. The dust storms arising from these fronts can be either pre or post frontal. 
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Prefrontal dust storms (Aziab winds)  
The first type of synoptic-scale dust storms called prefrontal dust storms are generated 
by cold frontal systems associated with high winds moving north-eastward through 
northern Saudi Arabia (Figure ‎3-5). This cold front is associated with sub-tropical 
cyclones (thermal lows discussed above), which drive dust storms from the Sahara 
Desert and northern Saudi Arabia. The local name of this dust-producing wind is 
Aziab. Aziab is an Arabian term meaning Siraj (1980) a strong, hot and dry south-
westerly wind. These winds can raise a large amount of dust if they pass over arid 
land, and they mainly occur from May to September (late spring to early autumn) 
along the eastern Red Sea coast (Figure ‎3-5) (Siraj, 1980). The frequency of Aziab 
events decreases from late spring (May) to summer because there are fewer thermal 
lows crossing the Sahara Desert and arid regions in the Arabian Peninsula. Figure ‎3-5 
shows an example of Aziab winds in which winds move from west to east towards 
Iraq ahead of a cold front. Aziab winds generally have synoptic-scale duration, lasting 
approximately 24 hours or up to 2–3 days (Siraj, 1980). 
 
Figure ‎3-5 A synoptic chart showing the passage of a cold front and the associated winds that generate dust plumes (Adapted 
from The COMET Program).   
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Postfrontal dust storms (Shamals) 
The second type of synoptic-scale dust storm is generated by winds referred to as 
Shamals. The word Shamal means ―northerly wind‖ in Arabic (Membery, 1983). 
Shamal winds blow from the north to north-west with wind speeds exceeding 8.5 ms
-1
. 
These high wind speeds last for at least 3 hours over a 24-hour period and are critical 
for suspending dust in the atmosphere for a considerable length of time.  
Rao et al. (2001) classified Shamal wind events based on their wind direction and 
speed. Due to different dynamical processes during the winter and summer, Shamals 
have two distinct seasonal patterns in Saudi Arabia, giving rise to the distinction 
between winter-early spring Shamals and summer Shamals. The winter and early 
spring Shamal winds are associated with a cold front. Dust storms due to winter 
Shamals are very intense vertically and horizontally (Perrone, 1979, Safar, 1980, 
Wilderson, 1991, Rao et al., 2001), reaching heights of up to 5 km (Wilderson, 1991). 
Two synoptic scenarios can produce these severe winter Shamals. The first is caused 
by the coupled effect of a slow-moving 500 hPa low pressure and a semi-stationary 
surface front (Perrone, 1979, Rao et al., 2001). This combination favours the 
formation of a dust low, which moves slowly towards the east and north-east and lasts 
from 3 to 5 days (Figure ‎3-6). The second scenario is caused by a typical extra-
tropical cold frontal system characterized by strong pressure gradients, which crosses 
the Arabian Peninsula and lasts for 2-3 days. 
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Figure ‎3-6 Synoptic conditions that result in semi-stationary winter Shamal winds over the Arabian Gulf  (Adapted from (El-
Baz and Makharita, 1994)).  
The summer Shamal, in contrast, results from the interaction between the AHR over 
the Mediterranean region and the summer trough of the IML developed by strong 
surface heating in north-eastern Saudi Arabia near Kuwait (Rao et al., 2003, Hamidi et 
al., 2013). The strength of the trough of the IML intensifies the summer Shamal from 
late May to early July (Membery, 1983). The strong pressure gradient created between 
the high-pressure system in the Mediterranean and the trough of the IML causes 
sustained north-westerly flows. A strongly turbulent atmosphere over the desert 
during the day mixes dust particles into the air and moves the particles upward to 
heights of up to 3 km (Wilderson, 1991). Dust events associated with summer 
Shamals last longer than those associated with winter Shamals, which last from two 
days to a week. Winter Shamals are also characterized by stronger winds, and 
visibility can be reduced to zero meters (Wilderson, 1991).  
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Meso-scale systems 
At the meso-scale level, dust storms are typically short-lived compared to the 
synoptically forced type. This category of dust storm is common in arid regions 
around the globe. 
Haboob dust storms 
Haboob is an Arabic word that refers to a blowing wind (Membery, 1985). Haboob is 
short-lived meso-scale weather phenomena caused by dry downbursts from 
convective cumulonimbus clouds (Roberts and Knippertz, 2012) and are most 
common in summer (Miller et al., 2008) when the IML is controlling the Saudi 
Arabian weather (Figure 3-3). 
These downbursts have an average speed of 18 to 25.7 ms
-1
. Haboobs can lift dust 
particles ranging from 10 μm to several mm (Edgell, 2006a). Haboob can generate 
dust storms with an average height of 1-2 km (Sutton, 1925) and a horizontal mass 
flux of approximately 85 metric tons/km
2
/hr (Chen and Fryrear, 2002). These dust 
storms are common across the deserts of the Middle East (Sutton, 1925, Lawson, 
1971, Membery, 1985), south-western Africa and Asia (Williams et al., 2007, 
Knippertz et al., 2007), Australia (McTainsh et al., 2005), and the south-western 
United States (Chen and Fryrear, 2002).  
Gap flow dust events 
 Gap flow refers to the channelling of low-level winds through gaps or low-level 
mountains. The surface wind speed in these areas is increased, and a stream flow can 
be formed with the maximum speed at the end of the gap (Sharp and Mass, 2002). A 
well-known gap flow that affects the western and south-western regions of Saudi 
Arabia occurs in the Tokar Gap in eastern Sudan. A strong pressure gradient produced 
by the large thermal contrast between the Red Sea and the interior Sudanese land mass 
drives dust storms to the western shore of the Red Sea and across into Saudi Arabia 
(Figure ‎3-7). The most favourable conditions for flow through the Tokar Gap occur 
during the summer.  
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Figure ‎3-7 Satellite imagery showing a dust plume from the deserts in north-eastern Africa being funnelled through the low-
elevation Tokar Gap (Source: https://www.meted.ucar.edu/mesoprim/dust/print.htm accessed 3 March 2015).  
Summary and conclusions 
The average synoptic data from 1985 – 2014 show that in winter and spring, the main 
pressure systems that affect the climate in Saudi Arabia are the SH and the SL. In 
autumn and summer two pressure systems become dominant- the AHR over the 
Mediterranean and the IML. The dynamics of these pressure systems play a major role 
in controlling the climate over Saudi Arabia and the types of dust storms produced. 
The most common types of dust storms are the synoptically forced dust storms 
associated with the passage of a cold front. The two major dust storms types are 
prefrontal (e.g. Aziab) and postfrontal (summer and winter Shamals). Meso-scale dust 
storms include the Haboob and Gap flow. 
Any change in these pressure patterns is likely to influence the both the strength and 
pattern of dust storms over the Arabian Peninsula. Changes in dust activity over the 
period 1985 – 2013 will be examined in more detail in Chapter 7.  
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In the next chapter, the classification and frequency of each class of dust storm is 
analysed at a regional level 
55 
 
 Seasonal Analysis of Dust Events in Saudi Arabia  Chapter 4
In Chapter 3, the synoptic scale systems, which affect Saudi Arabia, were discussed in 
relation to the types of dust storms, which occur as a result of them. The country 
covers a vast area of land, with a climate that varies significantly from region to 
region. These different climatic regions have been selected for a more detailed 
analysis of the type of dust events and frequency of those events. The five regions 
selected for this purpose are the Northern Region, the Western Region, the Central 
Region, the Eastern Region, and the Southern region.  
The data used for this analysis come from 25 meteorological stations located in the 
five regions chosen as shown in Figure ‎4-1 and cover a period of 29 years (1985-
2013). From these data, a seasonal analysis of dust event frequencies at these stations 
(cities) is presented. A contour map showing the average number of dust events per 
season is shown in Figure ‎4-2 and the total number of three identified types of dust 
events (Haze, Local Dust Event (LDE) and Dust Storm (DS) for the 29 years, is 
shown in Figure ‎4-3. This is followed by a more detailed analysis of the individual 
regions and cities within them. 
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Figure ‎4-1: Spatial distribution of the 25 meteorological stations used for the long-term study of dust events over Saudi 
Arabia (1985-2013). 
The Northern Region includes eight cities: Turaif, Arar, Guriat, Al-Jouf, Rafha, Wejh, 
Tabuk and Hail. The Western Region includes five cities: Madina, Yenbo, Jeddah, 
Taif and Makkah. The Central Region includes two cities: Riyadh and Gassim. The 
Eastern Region includes three cities: Al-Qaysumah, Dhahran and Alahsa; and the 
Southern Region includes seven cities: Bisha, Albaha, Abha, Khamis Mushait, Najran, 
Sharurah, and Gizan.  
Data and Methods 
Hourly global weather data from the National Climatic Data Centre (NCDC) were 
used to establish the seasonal and annual average dust frequency distributions in Saudi 
Arabia. The data used in this study were collected from the 25 surface weather 
stations in Saudi Arabia, which have the full record from 1985 – 2013. There are a 
further 61 stations in country but their datasets are incomplete for this period.  
However, even these 25 stations had differences in the number of observations 
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recorded per day, so only the code associated with the most intense dust event over 
that day was used. O’Loingsigh et al. (2014) also applied this method in their analysis 
of dust erosion in Australia).  These observations were used to decide what type of 
dust events had occurred. There are no records available for the Rub al Khali desert 
because it is very sparsely populated and has no meteorological station.  
The World Meteorological Organization (WMO) developed 99 codes to classify 
synoptic weather phenomena; 11 of these codes are specific for dust phenomena, and 
these are listed in Table ‎4-1.  
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Table ‎4-1: World Meteorological Organization weather codes related to dust 
SYNOP 
Code 
Weather description 
6 Dust haze 
7 Raised dust or sand 
8 Well-developed dust whirls (dust devils) 
9 Distant or past dust storm (distant at time of observation or passed 
station during the last hour) 
30 DECREASED slight or moderate sand or dust storm with visibility 
<1000 m but >200 m 
31 STABLE slight or moderate sand or dust storm with visibility <1000 
m but >200 m 
32 BEGUN or INCREASING slight or moderate sand or dust storm with 
visibility <1000 m but >200 m 
33 DECREASED severe dust storm with visibility <200 m 
34 Stable severe dust storm with visibility <200 m 
35 BEGUN or INCREASING severe dust storm with visibility <200 m 
98 Thunderstorm with dust or sand storm 
 
Following the work of O’Loingsigh et al. (2014), a simplified version of the WMO 
codes was created (Table ‎4-2). These codes are used to describe and categorize the 
nature of dust events and the frequency of various types of events. Based on a search 
of the available peer reviewed literature, this has not been done for Saudi Arabia. 
O’Loingsigh et al. (2014) classified dust events into Haze, Local Dust Events (LDEs), 
Moderate Dust Storms (MDSs) and Severe Dust Storms (SDSs). Preliminary analysis 
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showed that there is a very low average frequency of dust storms in the moderate to 
severe categories. Therefore, the categories related to moderate and severe dust storms 
have been combined and classified under Dust Storm (DS). However, the codes 
themselves are not definitive. For instance, code 9 refers to a distant or past dust 
storm, which may or may not be an LDE. Nevertheless, it has been included in the 
category of LDS to be consistent with the work of O’Loingsigh et al. (2014). From 
personal observation, another potential source of misidentification is poor record 
keeping practices by the local observers. 
The contour maps shown in Figure ‎4-2 and Figure ‎4-3 were produced using QGIS 
program. 
Table ‎4-2: Simplified dust codes used in the current study 
Simplified code Description WMO codes 
1 Haze  6 
2 Local dust events (LDEs)  7-9 
3 Dust storms 30-35 and 98 
 
Seasonal Annual Average Spatial Distribution 
The data obtained for the 25 cities above have been plotted using (QGIS version 2.0.1-
Dufour 2013) to give an overview of the spatial pattern of dust activity per season 
over the whole of Saudi Arabia for the study period (1985-2013) (Figure ‎4-2). It is 
clear that there is significant spatial variability, with the spring and summer seasons 
having the highest average number of dust events.  
60 
 
 
Figure ‎4-2: Average number of all dust events per season over Saudi Arabia between 1985and 2013. (a) winter, (b) spring, 
(c) summer and (d) autumn 
Figure ‎4-2a shows winter average rate of dust distribution. In winter, the southern 
region recorded the highest average rate, clearly reflected in Sharurah. This high rate 
wedges into the central region affecting Madina. The northern and western regions 
show a low average record of dust events.  
Figure ‎4-2b shows the spring average rate of dust distribution. The southern region 
still shows the highest record. Compared to winter, areas in the northern and eastern 
regions show a higher average rate of dust activities in spring. This is in line with 
spring being the most active dust season, especially as reported in cities in the 
northern and eastern parts of Saudi Arabia which experience dust from remote sources 
in Iraq and Syria. The west coastal regions including the highlands show a low 
average rate of dust events in spring. 
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Figure ‎4-2c gives the spatial distribution of the average frequency of dust activity in 
summer. Again, the highest average rate was recorded in the southern region with this 
high rate extending to the east and south-west regions of Saudi Arabia. The whole 
northern region and most parts of the west coast recorded a low average rate of dust 
activity. 
Figure ‎4-2d shows the spatial distribution of the average frequency of dust events in 
autumn. The southern region shows the highest average frequency of dust activity and 
this high rate extends towards the central and western regions. An isolated region in 
the north, where Turaif, Guriat and Al-Jouf are located, has a high rate of average dust 
activity in autumn.  
Average Spatial Distribution for Dust Storms between 1985 and 2013 
In the following figures, the total number of the three types of dust activity is plotted 
for each dust type. 
Figure ‎4-3 (a-c) shows the total number of Haze, LDE and DS events, respectively, 
for the period 1985-2013. It is clearly evident that Sharurah and Najran in the southern 
region, which are closely located to the Rub al Khali desert, recorded the highest total 
number of Haze events. This is followed by Riyadh, which is usually exposed to a 
high level of dust activity due to its close proximity to the Ad-Dahna Desert. Madina 
in the western region also recorded a high number of haze events. The north-east, 
north-west and west coastal areas had a relatively low level of haze activity. 
As in the case of Haze, the number of LDEs was the highest in the southern region 
around the major dust source, the Rub al Khali desert (Figure ‎4-3b). In this case, it 
was the north and north-east which recorded highest number of LDE events, with their 
occurrence extending along a belt from the north-east to the southern region. The total 
number of LDE events decreased progressively towards the central region and 
decreased further moving west. The lowest record of LDEs was observed along the 
coastal zone of the Red sea and the adjacent highlands. The lowest total number of 
LDE events was recorded in Hail, which is surrounded by agricultural land. 
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Figure ‎4-3c shows that the eastern and north-eastern regions experienced a higher 
number of DSs than any other region. These are the regions, which are closest to 
remote sources of dust from Iraq and Syria. The western region had some level of DS 
activity, but not as the high level experienced in the eastern region. The lowest 
numbers of DSs were recorded in cities in the highlands and west coastal regions (e.g. 
Abha, Taif and Wejh). Comparing the three types of dust activity, Haze occurred the 
most often while DS occurred the least often for the study period. Interestingly, 
although the Rub al Khali desert covers a large portion of southern region, its 
influence on DS activity is not as significant as for Haze and LDE.  
  
 
Figure ‎4-3: Total frequencies of dust activities on selected cities in Saudi Arabia for the period (1985 – 2013): (a) Haze, (b) 
LDE and (c) DS 
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Figure ‎4-4: Annual average rate of total dust distribution over Saudi Arabia (1985-2013) 
 
Figure ‎4-4 shows the spatial distribution of an annual average rate for the three types 
of dust events (total dust activity). The highest frequency of dust is in the southern 
region recorded in Sharurah and Najran, followed by adjacent areas to the Rub al 
Khali desert in which Riyadh in the central region and Alahsa in the south-eastern 
regions are located. The high annual frequency rate protrudes to reach Madina in the 
west. The northern region and areas in the west recorded low annual average rate. The 
agricultural areas (e.g. Hail), highlands (e.g. Taif) and west coastal area (e.g. Jeddah) 
recorded low average annual frequencies. It is clearly evident that the spatial 
distribution of annual average frequencies closely resembles the total frequency of 
haze for the period of investigation, indicating that haze is the dominant type of dust 
in Saudi Arabia. 
In the next section, the dust activity is analysed by type and season for each of the 
cities listed above. The annual and seasonal average frequency of dust events for each 
city and region are shown in Tables 4.3 – 4.17 based type of dust event. Sparklines are 
shown in the tables to give a graphical indication of the average seasonal frequencies. 
The highest and lowest frequencies in all tables are coloured red and blue, 
respectively. The results are discussed region by region. 
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Northern region  
It has been shown above that dust events occur more frequently in the spring in the 
north of Saudi Arabia for the reasons discussed in Chapter 3. Consequently, it would 
be expected that the highest frequency of DSs and LDEs would occur in spring. The 
occurrence of Haze might be expected to follow a different pattern – perhaps 
associated with light winds, as the dust generating Haze is likely to have come from 
local sources.  
Tables 1-3 to 1-5 show the seasonal frequency of the different classes of dust events 
(Haze, LDE and DS) for this region. 
Haze 
Table ‎4-3 shows the annual average Haze frequency during each season (winter, DJF), 
(spring, MAM), (summer, JJA) and (autumn, SON) in the northern part of Saudi 
Arabia for each of the 8 monitoring cities (Turaif, Arar, Guriat, Al-Jouf, Rafha, Wejh, 
Tabuk and Hail). 
Table ‎4-3: Mean annual and seasonal frequency of days of Haze for each city in the northern part of Saudi Arabia. The 
regional mean for each season is indicated. Sparklines show the season averages in graphical form. 
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Table ‎4-3 demonstrates that Haze occurs more frequently during the spring, with a 
regional mean of 16.2 days of Haze per season averaged over the 29 spring seasons. 
During this season, Al-Jouf, Rafha and Hail have high Haze frequencies of 24.6, 23 
and 22.5 days, respectively, while Wejh had the lowest frequency (5.4 days). The 
most obvious reason for the low number of Haze days in Wejh is because it is a 
coastal city. This will be investigated further in Chapter 5 in which local wind 
direction will determine using wind roses.  
Summer had the lowest regional mean frequency of Haze events, of approximately 6.0 
days, with Rafha and Tabuk in the north-east having the highest Haze frequency of 
11.2 and 11.1 days, respectively.  
Al-Jouf, Rafha and Tabuk have the highest annual mean Haze frequencies with 
averages of 56.3, 53.5 and 46.8 days, respectively.  Again, Wejh, on the Red Sea, had 
the lowest annual mean Haze frequency (10.3 days). 
Local dust events (LDEs) 
Table ‎4-4 shows the frequency of local dust events (LDEs) in the northern region 
during each season. 
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Table ‎4-4: Mean annual and seasonal frequency of days of LDE for each city in the northern part of Saudi Arabia. The 
regional mean for each season is indicated. Sparklines show the season averages in graphical form.
  
For all cities, the highest LDE frequency was observed during the spring, with a 
regional mean of 21.4 days. Autumn had the lowest regional mean, though it does not 
differ greatly from that of winter or summer. 
Turaif, in the far north, had the highest LDE frequencies during winter, spring and 
autumn, and the highest annual mean (74.5 days).  During the summer, the highest 
LDE frequency occurred at Guriat. Wejh, on the coast, had the lowest LDE 
frequencies during the winter, spring and autumn (3.0, 2.8 and 1.1 days, respectively).  
Dust Storms (DSs) 
Table ‎4-5 shows the frequency of dust storms for the northern region during each 
season. 
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Table ‎4-5: Mean annual and seasonal frequency of days of DS for each city in the northern part of Saudi Arabia. The 
regional mean for each season is indicated. Sparklines show the season averages in graphical form. 
  
Turaif and Guriat cities have the highest DS frequencies (0.6 days) during the winter. 
The highest DS frequency occurs in Arar during the spring (1.3 days), Tabuk during 
the summer (0.2 days), and Rafha during the autumn (0.5 days). The highest regional 
mean (0.8 days) was observed during the spring and Arar had the highest annual mean 
frequency (2.2 days).  Wejh was less exposed to DSs throughout the year; this city had 
the lowest annual mean frequency of 0.4 days. Over the 29 years of investigation, Hail 
experienced no DSs during the summer and the Wejh had no autumn DSs. In general, 
the table shows that this part of Saudi Arabia did not experience many dust storms 
over the period of investigation. The annual mean over the region was 1.6 days. 
Western region  
Table ‎4-6 shows the five meteorological monitoring cities in the western part of Saudi 
Arabia (Madina, Yenbo, Jeddah, Taif and Makkah). This region is characterized by 
three different types of geography: coastal, mountainous and valley terrains. These 
differences in terrain can affect dust events, especially Haze and LDEs, which are 
strongly influenced by local physical features. 
Haze 
Madina clearly had the highest incidence of Haze, followed by Taif, with annual 
average Haze frequencies of 94.1 and 49.7 days, respectively. Yenbo and Makkah had 
the lowest Haze frequencies of 2.8 and 3.3 days, respectively. The highest regional 
mean Haze frequency (15.5 days) was during the spring, and the lowest (2.9 days) was 
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during the autumn. In general, the Haze frequency decreased from spring to winter, 
summer, and then autumn. 
These results can be explained by the local topography and the prevailing 
meteorological conditions. Yenbo and Jeddah are coastal cities, whereas Taif is 
located in a mountainous area (approximately 1.5 km above sea level). Makkah is in a 
valley surrounded by mountains and is not exposed to dust. The Haze frequency was 
highest during the spring, reaching up to 43.4 days at Madina.  
Table ‎4-6: Mean annual and seasonal frequency of days of Haze for each city in the western part of Saudi Arabia. The 
regional mean for each season is indicated. Sparklines show the season averages in graphical form. 
 
It is evident from the table and sparklines that there were more episodes of Haze 
during the spring and summer, while the autumn had the lowest number during the 
study period. Also it is apparent from Table ‎4-6, that Madina was the most exposed to 
Haze in the Western region while Makkah was the least exposed. Jeddah had dust 
Haze throughout winter, spring and summer. 
Local dust events (LDEs) 
Table ‎4-7 shows the frequency of LDEs for the western region during each season. 
The Yenbo had high LDE frequencies during the spring (15.4 days), summer (17.5 
days), and autumn (5.7 days); accordingly, it had the highest annual mean frequency 
(44.8 days). However, Jeddah had the highest LDE frequency during the winter (9.1 
days). As with Haze, the highest regional mean LDE frequency occurs during the 
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spring. The lowest LDE frequencies during all seasons were observed in Makkah, 
which is located in a valley surrounded by mountains.  
Table ‎4-7: Mean annual and seasonal frequency of days of LDE for each city in the western part of Saudi Arabia. The 
regional mean for each season is indicated. 
 
Although spring had the highest mean LDE frequency in this region, Yenbo and Al-
Taif had the highest LDE frequency during the summer. 
Autumn had the lowest mean LDE frequency (3.7 days). Makkah had the lowest LDE 
frequency in all seasons.  
Dust Storms (DSs) 
Table ‎4-8 shows the frequency of DSs for the western region during each season. 
Table ‎4-8: Mean annual and seasonal frequency of days of DS for each city in the western part of Saudi Arabia. The regional 
mean for each season is indicated. 
 
There were very few DSs in the western region over the study period. As with LDEs, 
Yenbo had a higher mean DS frequency than other cities, particularly during the 
spring and summer; it had the highest annual mean of 5.7 days. 
70 
 
Central region  
Haze 
  
Table ‎4-9 shows Haze frequency in the central region cities of Riyadh and Gassim 
during each season. There are significant differences between the two cities of up to 
50% during some seasons. Riyadh had a higher average Haze frequency than Gassim. 
The highest Haze frequency occurs in Riyadh during the spring (48.8 days), and 
spring also had the highest regional mean among all seasons (40.3 days). The lowest 
Haze frequency occurred during the autumn (5.9 days). Riyadh had the highest annual 
mean of the two cities in the central region (122.3 days).  
Table ‎4-9:  Mean annual and seasonal frequency of days of Haze for each city in the central part of Saudi Arabia. The 
regional mean for each season is indicated. 
 
Local dust events (LDEs) 
Table ‎4-10 shows the frequency of LDEs for this region during each season.  
Table ‎4-10: Mean annual and seasonal frequency of days of LDE for each city in the central part of Saudi Arabia. The 
regional mean for each season is indicated. 
 
Both cities in the central region experienced LDEs during all seasons. Riyadh had the 
highest LDE annual mean of the two cities (16.4 days) and the highest regional mean 
Station Winter Spring Summer Autumn Annual Mean Sparklines
Riyadh 24.3 48.8 33.3 16.0 122.3
Gassim 12.5 31.9 10.4 10.7 65.4
Region Mean 18.4 40.3 21.8 13.4 93.8
Station Winter Spring Summer Autumn Annual Mean Sparklines
Riyadh 11.5 28.6 19.3 6.3 65.8
Gassim 5.8 18.6 5.6 5.4 35.5
Region Mean 8.7 23.6 12.4 5.9 50.6
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occurred during the spring (23.6 days). Riyadh had higher average LDE frequencies 
during all seasons. The lowest LDE frequencies occurred during the autumn at both 
cities; this season had a regional mean LDE frequency of 5.9 days. 
Dust Storms (DSs) 
Table ‎4-11 shows the seasonal frequency of DSs for the central region. 
Table ‎4-11: Mean annual and seasonal frequency of days of DS for each city in the central part of Saudi Arabia. The regional 
mean for each season is indicated. 
 
Once again, the highest regional mean DS frequency occurred during the spring (2.3 
days). Similarly, Riyadh had a higher seasonal mean DS frequency during the winter, 
spring and summer than Gassim. The annual mean DS frequency was 5.2 days at 
Riyadh; this value is approximately 50% lower at Gassim. 
Eastern region 
The cities in eastern Saudi Arabia (Al-Qaysumah, Dhahran and Alahsa) are all next to 
the Arabian Gulf. Al-Qaysumah is in the north-east and is affected more strongly by 
dust sources from the Fertile Crescent in Iraq. This area is generally considered to be 
one of the most important sources of dust in the Middle East (Middleton, 1984). Al-
Qaysumah, being the northern most city in the eastern region, might be expected to 
exhibit similar characteristics to cities in the northern region. Since the desert of Ad-
Dahna is close to Dhahran and Alahsa, it would be expected that they would be 
impacted by dust from this desert. Because Dhahran is a coastal city, though, it may 
experience less dust exposure. 
 Haze 
Table ‎4-12 shows the seasonal frequency of Haze in the eastern region.  
Station Winter Spring Summer Autumn Annual Mean Sparklines
Riyadh 1.0 3.3 0.6 0.3 5.2
Gassim 0.7 1.3 0.4 0.4 2.8
Region Mean 0.9 2.3 0.5 0.3 4.0
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Table ‎4-12: Mean annual and seasonal frequency of days of Haze for each city in the eastern part of Saudi Arabia. The 
regional mean for each season is indicated. 
 
All cities in the eastern region experience year-round Haze. Al-Qaysumah, which is 
close to the Fertile Crescent, experienced the highest Haze frequency during the 
spring. This high Haze frequency during the spring was also observed in the northern 
region cities, which are affected by the same dust source. Dhahran and Alahsa had the 
highest average Haze frequency during the summer. In general, the lowest Haze 
frequency occurred during the autumn followed by winter.  Al-Qaysumah had the 
lowest annual mean Haze frequency, while Dhahran had the highest.  
Local dust events (LDEs) 
Table ‎4-13 shows the frequency of LDEs for the eastern region during each season.  
Table ‎4-13: Mean annual and seasonal frequency of days of LDE for each city in the eastern part of Saudi Arabia. The 
regional mean for each season is indicated. 
 
LDEs in the eastern region followed a similar pattern to that exhibited by Haze, which 
is to be expected because both Haze and LDEs are primarily affected by local dust 
sources. As with Haze, Al-Qaysumah had the highest LDE frequency (28.6 days) 
during the spring, followed by the summer (20.9 days). In contrast, Dhahran and 
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Alahsa had the highest LDE frequency during the summer (23.6 and 30.6 days, 
respectively). At these two cities, the next highest values occurred during the spring 
(23 days and 29 days, respectively). The lowest LDE frequency occurred during the 
autumn at all cities; the regional average LDE frequency for autumn was 8.6 days. 
The maximum annual mean LDE frequency occurred at Alahsa (88.5 days), and the 
minimum occurred in Dhahran (64.7 days). 
Dust Storms (DSs) 
Table ‎4-14 shows the seasonal frequencies of DSs for the eastern region. 
Table ‎4-14: Mean annual and seasonal frequency of days of DS for each city in the eastern part of Saudi Arabia. The 
regional mean for each season is indicated. 
 
The average DS frequency at each city was much lower than that of the Haze or LDE 
frequencies. The highest seasonal mean DS frequency (6.8 days) occurred during the 
spring at Al-Qaysumah; the highest annual mean frequency also occurred at this city 
(11.3 days). The highest regional mean frequency (4.4 days) occurred during the 
spring. As with Haze and LDE, the lowest regional mean DS frequency occurred 
during the autumn. 
Southern region 
Data from seven stations were used to study dust in the southern region (Bisha, 
Albaha, Abha, Khamis Mushait, Najran, Sharurah, and Gizan). Gizan is a coastal city 
surrounded by mountains, valleys and plains. Sharurah is located further inland in the 
Rub al Khali desert, and Najran borders the desert. Abha is situated approximately 2.2 
km above sea level in a fertile and mountainous area. Khamis Mushait is located 
northeast of Abha and has similar topography, but its altitude is approximately 1.8 km 
above sea level. Bisha is located in a region with variable topography that includes 
mountains, valleys, and plains; more importantly, it is surrounded by fertile land. 
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Albaha is located in southwestern Saudi Arabia in a highland area with abundant 
forests. 
Haze 
Table ‎4-15 shows the seasonal frequency of Haze in the southern region. All cities 
have the highest Haze frequency during the summer except Bisha, which had the 
highest Haze frequency during the spring. Thus, in general, the cities in the southern 
region experience more Haze events during the summer than during other seasons. 
The highest regional mean Haze frequency occurs during the summer (39.7 days). The 
lowest regional mean frequency occurred during the autumn (7.8 days). The highest 
annual mean Haze frequency (145.5 days) occurred in Sharurah. Bisha and Abha had 
the lowest annual mean Haze frequency.     
Table ‎4-15: Mean annual and seasonal frequency of days of Haze for each city in the southern part of Saudi Arabia. The 
regional mean for each season is indicated. 
 
Local dust events (LDEs) 
Table ‎4-16 shows the seasonal LDE frequencies for the southern region cities. The 
highest LDE frequency only occurred during the spring at Bisha; the remaining cities 
had the highest LDE frequency during the summer. The maximum regional mean 
LDE frequency (14.9 days) occurred during the summer, and the minimum occurred 
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during the autumn (3.8 days). Sharurah had the highest annual mean LDE frequency 
(85.6 days), and Abha had the lowest (2.5 days). In general, the seasonal, regional and 
annual mean LDE frequencies exhibited the same patterns as Haze.  
Table ‎4-16: Mean annual and seasonal frequency of days of LDE for each city in the southern part of Saudi Arabia. The 
regional mean for each season is indicated. 
 
Dust Storms (DSs) 
Table ‎4-17 shows the seasonal DS frequencies for the southern region. Low DS 
frequencies were observed at every city in this region. Most cities had an average DS 
frequency of below 1 day per season, indicating these cities are not often subjected to 
DSs. 
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Table ‎4-17: Mean annual and seasonal frequency of days of DS for each city in the southern part of Saudi Arabia. The 
regional mean for each season is indicated. 
 
Discussion 
In this chapter, the seasonal frequencies of various types of dust events were 
investigated using data from 25 meteorological monitoring stations distributed over 
five regions of Saudi Arabia. The dust events were classified into three types: Haze, 
LDEs and DSs. In general, the record revealed that Haze and LDEs occurred more 
frequently than DSs over the study period. In many cases, the occurrence of Haze and 
LDE followed the same pattern, while DSs were not frequent enough to identify a 
clear pattern. 
The results were influenced by the topography of the regions, which include 
mountainous areas, hills, valleys, plains, and fertile lands. Thus, the relative position 
of the cities plays an important role in the frequency of dust events. The cities close to 
desert areas had a large number of dust events, especially Haze. In contrast, the 
coastal cities recorded lower dust activity.  
Analysing the seasonal climatic variations of the various types of dust events shows 
that spring and summer had the highest number of dust events. This finding is 
consistent with previous studies (Furman, 2003, Middleton, 1984), which identified 
spring (March–May) followed by summer (June–August) as the two most active dust 
seasons in the Middle East.   
The results of this study add detail to these previous analyses. First, it found that the 
frequency of Haze was highest during the spring in the northern, western, and central 
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regions of Saudi Arabia; it was highest during the summer in the eastern and southern 
regions. The frequency of LDEs followed a similar pattern but was only highest 
during the summer in the southern region; in the eastern region, the LDE frequency 
was almost the same for spring (26.9 days) and summer (25.1 days). 
The fact that spring is the most active season for Haze and LDEs, followed by 
summer, suggests that the synoptic systems (cold fronts associated with the dynamic 
subtropical low pressure travel from north-west Africa and crosses the Mediterranean 
basin and north Saudi Arabia that generate strong winds as discussed in Chapter 3, are 
more important than the hot and dry conditions experienced during the summer.  
The highest Haze frequencies during the summer occurred at the three cities in the 
southern region: Najran (50.3 days), Sharurah (50.0 days) and Gizan (46.3 days). 
These high Haze frequencies can be explained by Sharurah's location in the Rub al 
Kali desert and Najran's location approximately 300 km west of Sharurah. Despite the 
similar average Haze frequencies in Najran and Sharurah, the LDE frequencies are 
very different (12.4 and 27.6 days, respectively). The approximately 50% lower 
frequency of LDEs in Najran can be explained by the fact that stronger wind is 
required to transport LDEs than Haze.  
The results from Gizan are puzzling; the strong dust activity at the city during the 
summer is contraindicated by its coastal location. Dust from two sources can affect 
Gizan: the Rub al Khali (local) and African (remote) deserts. The synoptic conditions 
during the summer as (discussed in Chapter 3) indicate that both of these sources can 
contribute to high dust activity.  
In central Saudi Arabia, Riyadh also had a high frequency of Haze (48.8 days) during 
the spring; this is the third highest Haze frequency after Sharurah and Najran. 
Additionally, Riyadh’s LDE frequency (28.6 days) is the third highest after Turaif and 
Alahsa, both of which are near desert dust sources. Riyadh also had the second highest 
DS frequency (3.3 days), after Al-Qaysumah (6.8 days). These results highlight that 
Riyadh, which is an important urban centre in Saudi Arabia, is also one of the areas 
that is most strongly affected by dust activity during the spring and summer.     
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The highest DS frequency was observed in Al-Qaysumah, in the northern part of the 
eastern region of Saudi Arabia. This area is close to the Iraqi deserts, which are a 
major dust source in the Middle East (Middleton, 1984). The DS frequency was 6.8 
days during the spring and the highest annual mean of 11.3 days occurred in the same 
city.  
Conclusion 
The results show that Saudi Arabia experienced high dust activity during the spring 
and summer in the period from 1985 to 2013. The regions affected during the spring 
were in the northern, western and eastern parts of the country, and those in central and 
southern regions experienced maximum dust activity during the summer. However, 
some cities located between 20°N and 28°N experienced dust activity in both seasons 
because of the effect of different dust sources.  
The results of this study can also be explained by the city locations. As demonstrated, 
areas in close proximity to deserts (e.g., Najran and Riyadh) or located within deserts 
(e.g., Sharurah) experience the highest dust activity.     
Based on the annual mean over the 29-year study period, the cities with the highest 
frequencies of each type of dust were: Haze: Sharurah (36.4 days), Najran (34.9 days) 
and Riyadh (30.6 days); LDEs: Sharurah (21.4 days), Dhahran (19.8 days) and Turaif 
(18.6 days); and DSs: Al-Qaysumah (2.8 days), Alahsa (2.7 days) and Gizan (1.5 
days).  
Haze was by far the most prevalent dust event, and this would be expected to occur 
with light to moderate winds bringing dust from local dust sources. High winds can 
bring dust from a much greater distance, likely resulting in a major dust storm. LDEs 
may arise from either situation. In the next two chapters, the wind directions at each of 
the discussed here are determined using wind roses (Chapter 5) to look for local dust 
sources and Hysplit back trajectories to look for remote sources (Chapter 6). 
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 Potential Dust Sources Impacting Saudi Arabia using Wind Rose Chapter 5
Data (1985 – 2013) 
Introduction 
Saudi Arabia is affected by three sources of dust: dust that from local arid regions and 
dust from neighbouring countries and dust from remote sources such as the deserts in 
Iraq and Africa.  This chapter focuses on the local and neighbouring sources with the 
use of wind rose data. The next chapter will examine all potential sources using 
Hysplit back trajectories. The data from the wind roses will be compared with the 
information from the back trajectories. 
In Chapter 4, the frequency of Haze, LDEs and DSs was determined for 25 cities 
across Saudi Arabia for the period 1985 to 2013. These cities were divided into five 
regions. Some of these cities were quite close together, but had significantly different 
frequencies of dust events. In this chapter, the aim is to identify potential sources of 
dust for each of these cities to explain the differences between them. To do this, wind 
roses data (wind speed and direction) for the period under investigation, are presented 
for each of the 25 cities for dust-storm days versus days without dust storms. It is 
reasonable to assume that if dust had originated from a nearby potential source, the 
prevailing wind will have travelled over that area. 
Local sources of Dust in Saudi Arabia  
According to Bartlett (2004), the principal local source of dust in the Arabian 
Peninsula is the Rub al Khali (Figure ‎5-1). The Rub al Khali desert in the south-
eastern Arabian Peninsula is the largest source of sand on the planet; it can form sand 
dunes that extend laterally for up to 40 km. The Rub al Khali covers approximately 
650,000 km
2
 (Alaamer, 2012) in southern Saudi Arabia, an area equivalent to the size 
of France. A large part of the Rub al Khali is categorized as hyper-arid, with some 
years completely lacking any precipitation. In general, the annual average 
precipitation is less than 35 mm per year; the daily mean relative humidity is 
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approximately 52% in January and 15% during the summer. The average daily 
maximum temperature is 47°C in July and August (Wilderson, 1991, McGinley, 
2008). 
The Ad-Dahna Desert covers 34,390 km
2
 (Edgell, 2006a) in central to eastern Saudi 
Arabia. It is composed of laterally extensive sand dunes that are called ―veins‖.  
The An-Nafud Desert covers 64,000 km
2
 (Alaamer, 2012) and is located in northern 
Saudi Arabia; it is an extension of the Syrian Desert. The An-Nafud Desert is a 
crescent-shaped area connected to the Rub al Khali by the Ad-Dahna Desert.   
While the Fertile Crescent is located in Iraq, it is very close to north-eastern Saudi 
Arabia, so it can be a remote, neighbouring or a local source of dust, depending upon 
the distance it travels.   
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Figure ‎5-1: Local dust sources around the Arabian Peninsula (adapted from COMET 2003). 
 
Data and Methods 
The same five regions of Saudi Arabia as identified in Chapter 4 are considered here. 
For each region, an elevation map depicting the cities and the deserts that are likely to 
impact on the cities are included.   
 
 
Rub al Khali 
Ad Dahna 
desert 
An Nafud 
desert 
Fertile 
Crescent 
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Hourly weather data from the Saudi Arabian Bureau of Meteorology were used to 
produce wind roses for dust-storm days and no-dust-storm days. Wind roses were 
produced using the Lakes Environmental WRPLOT View Freeware, version 7.0.0
1
. 
The data used in this study were collected from the 25 surface weather stations in 
Saudi Arabia, which have the full record from 1985 – 2013, to be consistent with 
previous chapter. 
Because the 25 weather stations had differences in the number of observations 
recorded per day, all available data were used for wind speed and direction. If any one 
of the observations for a specific day had a dust storm recorded with the codes from 
30 to 35, then the day was classified as a dust-storm day. 
  
                                              
1
 Wind roses were initially prepared by the author using the Lakes Environmental 
WRPLOT View Freeware, version 7.0.0 and enhanced using Python script by Ahmed 
Emre. 
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Wind Roses by Region 
Northern Region 
Figure ‎5-2 shows the eight cities in the Northern region for which wind roses have 
been plotted. 
 
 
Figure ‎5-2: Elevation map of the cities in the northern region and local dust sources 
Figure ‎5-3 shows the prevailing wind for Tabuk and Wejh during days of dust 
storms/no dust storms for the duration of the study (1985-2013).  
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Figure ‎5-3: Prevailing wind speed and direction during the days of dust storms/no dust storms days in Tabuk and Wejh. 
In Figure ‎5-3, the prevailing wind speed in Tabuk city for days without dust storms 
are light (maximum speed of 10 ms
-1
) with the wind direction mainly (about 55% of 
time) from north to north-west. On dust-storm days, the wind was mostly from the 
south-west (> 65% of the time) and strong (sometimes > than 20 ms
-1
). Since the An-
Nafud Desert is to the south-east of Tabuk, the occurrence of dust storms does not 
match the prevailing wind on dust-storm days. This suggests a remote source, possibly 
East Africa, which is situated to the west of Saudi Arabia. 
On dust-storm-free days, the prevailing wind in Wejh came from the north-west about 
65% of the time and was light, with maximum wind speeds of 15 ms
-1
. On dust-storm 
days, the wind was predominantly from two directions: north north-west (~54% of the 
time) and south south-east (15% of the time) with a maximum speed exceeding 15 ms
-
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1
. The An-Nafud Desert is situated to the east of Wejh and is a likely source of local 
dust source due to circulating wind, but again the prevailing winds on days with 
recorded storms did not come from the An-Nafud Desert. However, as was seen in 
Chapter 4, this city did not experience dust storms very frequently over this period of 
time.  
Figure ‎5-4 shows the prevailing wind at Rafha and Arar during days of dust storms 
and no dust-storms days for the period 1985-2013. These cities are to the north-east of 
the An-Nafud Desert and very close to Iraq. Since they surrounded by desert, it is 
likely that dust storms will occur when the wind exceeds 10 m s
-1
 (based on the 
threshold wind speeds shown in Table 1, Chapter 2 for fine sand). 
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Figure ‎5-4: Prevailing wind speed and direction during days of dust storms/no dust storms days in Rafha and Arar. 
On dust-storm-free days, the prevailing wind was spread over two wind sectors: -~ 
45% from north to west sector and ~ 31% from the south to east sector. The wind 
speed was light, blowing from multiple directions. On dust-storm days, 50% of the 
prevailing wind came from the west to north north-west and 11% from the south, with 
maximum wind speeds exceeding 20 ms
-1
. On days of dust storms, the potential local 
source of dust is the An-Nafud Desert to the south-west (Figure ‎5-2). 
Arar city is situated within the Syrian Desert (Figure ‎5-2), so it would be expected that 
strong winds from any direction would stir dust. On dust-storm days, Figure ‎5-4 the 
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prevailing wind was mostly from the west (~ 27% of the time) and from the west-
north-west (~18% of the time) with maximum wind speeds up to 25 ms
-1
. 
Figure ‎5-5 shows the prevailing wind in Hail and Guriat.   
  
  
Figure ‎5-5: Prevailing wind speed and direction during days of dust storms/no dust storms days in Hail and Guriat. 
Hail city is situated very close to the south-western corner of the An-Nafud Desert 
(Figure ‎5-2). The prevailing wind direction on dust free days was variable but mainly 
from the north or the south with maximum speeds up to 15 ms
-1
. On dust-storm days 
the prevailing wind came from the west to south south-west sector (~ 60% of the time) 
with maximum wind speeds reaching about 25 ms
-1
. The dominant wind is likely to 
have crossed the An-Nafud Desert (Figure ‎5-2) bringing dust. 
88 
 
Guriat is located in the Syrian Desert (Figure ‎5-2). The prevailing wind during dust-
storm-free days was light and predominantly from the west to north-west sector (more 
than 55% of the time). On dust-storm days, the prevailing wind was from the west 
(more than 52% of the time), with wind speeds exceeding 20 ms
-1
 on some days. 
While the Syrian Desert is a potential local dust source, wind coming from the west 
could also be bringing dust from East Africa  
Figure ‎5-6 shows the prevailing wind for Al-Jouf and Turaif.   
  
  
Figure ‎5-6: Prevailing wind speed and direction during days of dust storms/no dust storms days in Al-Jouf and Turaif. 
It is clear from Figure ‎5-6 that the prevailing wind in Al-Jouf, regardless of the 
incidence of dust storms, was from the west. On days of dust storms, the winds were 
stronger, reaching 25 ms
-1
.  The most likely potential local sources of dust are the 
Syrian deserts with a smaller contribution from the An-Nafud Desert (Figure ‎5-2). 
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The prevailing wind on dust-storm-free days in Turaif was mainly from the west 
(~23% of the time) and with maximum speeds of 15ms
-1
. On dust-storm days, the 
wind was also predominantly from the west (~ 33%), with maximum speeds more 
than 20 ms
-1
. The Syrian Desert, which is located west of Turaif, would be most likely 
local source of dust (Figure ‎5-2). 
In summary, the most likely local sources for dust for the cities of the northern region 
are the Syrian Desert and the An-Nafud deserts. Winds coming from the west are 
likely to bring dust from the Sahara Desert. This will examine further in the next 
chapter.    
Western Region  
 
Figure ‎5-7: Elevation map of the cities in the western region and local dust sources. 
 
Figure ‎5-8 presents the prevailing wind in Jeddah and Makkah.   
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Figure ‎5-8: Prevailing wind speed and direction during days of dust storms/no dust storms days in Jeddah and Makkah. 
In Jeddah on the dust-storm-free days, wind came mostly from the north to north-west 
sector with wind speeds up to 10 ms
-1
.  However, during the dust-storm days, the wind 
exhibited a completely different behaviour with it the coming from the south ~38% of 
the time and to a lesser extent from the east north-east (~18%), with maximum speeds 
reaching 20 ms
-1
.  
The wind roses for Makkah in Figure ‎5-8 display some similarities to that of Jeddah. 
The prevailing wind for dust-storm-free days was predominantly northerly (~26% of 
the time) with a wide spread of wind directions. Like Jeddah, during the dust-storm 
days, the wind was predominantly from the south (~ 46% of the time), with maximum 
speeds exceeding 15 ms
-1
. 
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Jeddah and Makkah, being only about 80 km apart, are likely to experience dust 
storms from similar sources. For both cities, the potential local source is the Rakbah 
plains (Figure ‎5-7); however on the dust-storm days, the wind came from the south, 
indicating a remote source, presumably eastern Africa. 
Figure ‎5-9 shows the wind roses in Taif and Albaha.   
  
  
Figure ‎5-9: Prevailing wind speed and direction during days of dust storms/no dust storms days in Taif and Albaha. 
The directions of the prevailing wind in Taif on dust-storm-free days were variable 
but mainly from the west (24% of the time). During dust-storm days it was also 
variable but the predominant direction was mostly from west north-west (45% of the 
time) with the maximum speed reaching 20 ms
-1
. 
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Figure ‎5-9 also shows the prevailing wind directions in Albaha during the study 
period. On dust-storm-free days winds from the east were the most prevalent wind in 
this city with speeds reaching 10 ms
-1
. During the days of dust storms, the dominant 
wind slightly changed directions and blew from east south-east (~18%). Also, wind 
blew from a number of directions with maximum speeds up to 25 ms
-1
.  
Taif and Albaha are in mountainous and agricultural areas, and as was shown in 
Chapter 4, have a low frequency of dust storms. 
Figure ‎5-10 shows the prevailing wind at Yenbo and Madina.  
  
  
Figure ‎5-10: Prevailing wind speed and direction during days of dust storms/no dust storms days in Yenbo and Madina. 
Figure ‎5-10 clearly shows the prevailing wind was predominantly from the west 
(35%) at Yenbo on dust-storm-free days with a maximum wind speed of 10 ms
-1
. 
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During the days of dust storms, the wind was also mostly from the west but with 
higher frequency (~71% of the time), with higher wind speeds (~ 20 ms
-1
). 
Figure ‎5-10 also shows that the direction of winds in Madina on dust-storm-free days 
was quite variable with maximum wind speeds of 10 ms
-1
. On dust-storm days, the 
wind was mainly from the east and south-east with maximum wind speeds of 20 ms
-1
.  
To the east of Madina there are volcanic field, which are a possible source of dust. 
Yenbo is a coastal city with the prevailing winds on dust-storm days coming from the 
Red Sea. In this case there is no local dust source to the west, so it is more likely that 
dust came from a remote source such as the Sahara Desert.  
To summarise the main trends in the western region, there are no potential local 
sources except the volcanic fields to the east of Madina. It is also clear that wind 
speeds during dust-storm days were generally much stronger than wind speeds on 
dust-storm-free days. 
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Central Region  
 
Figure ‎5-11: Elevation map of the cities in the central region and local dust sources. 
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Figure ‎5-12: Prevailing wind speed and direction during days of dust storms/no dust storms days in Riyadh and Gassim. 
Figure ‎5-12 shows that on the dust-storm-free days, the wind direction was quite 
variable in Riyadh with wind speeds not exceeding 10 ms
-1
. In contrast, the prevailing 
winds during days of dust storms came from the north with wind speeds reaching 20 
ms
-1
.  
At Gassim, the wind was also variable, tending mostly from the north to north-east. 
During days of dust storms, the most frequent wind blew from the north-east with a 
maximum speed of 20 ms
-1
. 
In both central cities, Riyadh and Gassim, the local potential dust source is the Ad-
Dahna Desert. These two cities are located within the desert area, so it is difficult to 
determine whether dust storms resulted from local sources or remote sources.  Since 
the wind speeds reached up to 20 ms
-1
, it was strong enough to transport dust from 
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long distances, so remote sources cannot be dismissed. HYSPLIT back trajectories in 
the next chapter should help clarify potential dust sources. 
Eastern Region 
 
Figure ‎5-13: Elevation map of the cities in the eastern region and local dust sources. 
Figure ‎5-14 shows for ~ 19% of the time during no dust-storm days, the prevailing 
wind in Dhahran was predominantly from north and north-west, with wind speeds not 
exceeding 10 ms
-1
. There was very little difference in the wind direction on dust-storm 
days, but the maximum wind speeds reached 20 ms
-1
.  
Figure ‎5-14 also depicts the prevailing wind at the Alahsa. During dust-storm-free 
days, the wind came mainly from the north and north-west with speeds up to 15 ms
-1
. 
The direction of wind on days of dust storms was also from the north and north-west 
but the wind speeds were higher (up to 20 ms
-1
). The wind rose for Al-Qaysumah 
(Figure ‎5-14) shows that during dust-storm-free days, the prevailing winds came from 
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the north, north-west and west with wind speed peaking at 15 ms
-1
. On dust-storm 
days, the wind direction was similar but the wind speeds were higher (20 ms
-1
). 
These three cities are within close proximity of Ad-Dahna Desert and it is expected 
that this would be a potential local source (Figure ‎5-13). However, the wind on dust-
storm days does not seem to come from that direction. Dhahran and Alahsa, which are 
located close to the Arabian Gulf, experience dust activity mainly during summer.  At 
this time of the year, these locations are under the influence of the Indian monsoon 
(Knippertz et al., 2009, Yaalon and Ganor, 1979, Elfandy, 1940) generating a strong 
northerly wind, which is expected to bring dust from the Iraqi desert. This will be 
further investigated in the next chapter using the Hysplit model to identify potential 
remote sources.   
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Figure ‎5-14: Prevailing wind speed and direction during days of dust storms/no dust storms days in Dhahran, Alahsa and Al-
Qaysumah. 
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Southern Region 
 
Figure ‎5-15: Elevation map of the cities in the southern region and local dust sources. 
Figure ‎5-16 shows the wind roses in Najran and Bisha. The former is located close to 
the Rub al Khali and at an elevation of ~1300 m above sea level. The latter is at an 
elevation of ~1200 m and is located in agricultural highlands east of the red sea 
(Figure ‎5-15). 
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Figure ‎5-16: Prevailing wind speed and direction during days of dust storms/no dust storms days in Najran and Bisha. 
As Figure ‎5-16 indicates, the prevailing wind in Najran during dust-storm-free days 
mainly came from the east. On dust-storm days, a significant number came from the 
north north-east, crossing the Rub al Khali desert. The highest speed recorded for 
dust-storm days was 20 ms
-1
.   
On dust-storm-free days in Bisha, the winds blew from several directions, but most 
were from the east. For dust-storm days in Bisha, again the wind blew from multiple 
directions, but two wind sectors are prominent: south to south-west and east to east 
north-east. The maximum wind speeds were higher on the days of dust storms 
reaching 20 ms
-1
.  
For wind speeds > 20 ms
-1
 remote sources cannot be discounted, especially if dust is 
lifted to upper layers of the atmosphere. In Bisha, winds coming from the east are 
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likely to have crossed the Rub al Khali, but from the south and south-west, the winds 
are likely to have come from eastern North Africa. This will be explored further in the 
next chapter.  
Figure ‎5-17 shows the wind roses for Khamis Mushait and Abha during dust-storm-
free days and dust-storm days. These cities are located in the south-west region of 
Saudi Arabia in the Asir Mountains, at an elevation of ~ 2000 m above sea level. Both 
are situated in fertile highlands and experience fewer dust storms from close sources 
because of the surrounding topographical features (fertile highlands) that inhibit the 
generation of dust. As shown in Chapter 4, the number of dust storms in these two 
cities is quite low. 
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Figure ‎5-17: Prevailing wind speed and direction during days of dust storms/no dust storms days in Khamis Mushait and 
Abha. 
In both cities, the prevailing winds came from the south and south-west on days with 
and without dust storms, and there was little difference in wind speeds. 
Figure ‎5-18 shows the wind roses in Gizan and Sharurah. Gizan is a coastal city on the 
Red sea surrounded by highlands. It is likely this city will be shielded from local dust 
sources. Sharurah, on the other hand, is located further inland in the heart of the Rub 
al Khali at an elevation of >700 m above sea level. There is a strong contrast between 
the locations of these two cities.  
As can be seen in Figure ‎5-18, the prevailing wind over Gizan during dust-storm-free 
days was predominantly from the west and south-west. During the dust-storm days, 
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the predominant winds were from the north and north east but was quite variable. The 
maximum wind speed on dust-storm days in Gizan reached 20 ms
-1
. 
The prevailing wind over the Sharurah on dust-storm-free days blew mainly from the 
east and north-east. During the occurrence of dust storms, there was a southerly and 
north-westerly component with maximum wind speed reaching 20 ms
-1
. 
Based on wind directions recorded during the occurrence of dust storms (Figure ‎5-18), 
Gizan and Sharurah can be subjected to dust storms from the Rub al Khali, with less 
impact over Gizan because of its topography and long distance from this source. 
Another possibility with winds coming from the north is dust from the Tokar Gap 
affecting Gizan. 
  
  
Figure ‎5-18: Prevailing wind speed and direction during days of dust storms/no dust storms days in Gizan and Sharurah. 
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Table ‎5-1contains summary of the prevailing wind directions for both no dust-storm 
days and dust-storm days. This table was constructed from the wind roses presented 
above. The likely and expected local dust sources are included in this table after 
comparing the wind roses with the map of the desert areas Figure ‎5-1 (this chapter).  
Table ‎5-1: Summary of wind rose results, likely and expected local dust sources for cities selected from five regions in Saudi 
Arabia.   (Total number of dust-storm days during period of analysis) 
Region 
City 
(DS days) 
Wind direction 
on days without 
dust storms 
% 
Wind 
direction on 
dust-storm 
days 
% 
Expected 
local sources 
of dust 
Likely source 
based on 
prevailing wind 
N
o
rt
h
 
Tabuk 
(35) 
NNW 16 SW 24 
An-Nafud 
East Africa 
(Sahara) N 14 WSW 24 
Wejh (12) 
 
WNW 17 NNW 31 
An-Nafud 
East Africa 
(Sahara) NW 16 NW 22 
Rafha 
(52) 
W 10 WNW 16 
An-Nafud An-Nafud N 9 W 13 
NW 9 S 11 
Arar 
(64) 
W 16 W 27 Syrian desert 
 
Syrian desert 
 
WNW 13 WNW 19 
Hail 
(38) 
S 13 WSW 21 
An-Nafud An-Nafud N 12 
W 19 
NNE 10 
Guriat 
(52) 
WNW 24 W 26 Syrian desert Syrian desert 
Al-Jouf 
(61) 
W 18 W 22 Syrian and 
An-Nafud 
deserts 
Syrian and An-
Nafud deserts E 12 WNW 20 
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Region 
City 
(DS days) 
Wind direction 
on days without 
dust storms 
% 
Wind 
direction on 
dust-storm 
days 
% 
Expected 
local sources 
of dust 
Likely source 
based on 
prevailing wind 
Turaif 
(52) 
W 23 W 33 Syrian desert Syrian desert 
W
es
t 
Jeddah 
(64) 
N 21 S 38 
Rakbah 
Plains 
East Africa 
(Sahara) 
NNW 17 ENE 19 
Makkah 
(29) 
N 26 S 46 
Rakbah 
Plains 
East Africa 
(Sahara) 
Taif 
(12) 
W 24 WNW 31 - 
East Africa 
(Sahara) 
Albaha  
(14) 
E 13 ESE 18 
- 
East Africa 
Rub al Khali 
ESE 10 SSW 15 
Yenbo 
(165) 
W 34 W 71 
Rakbah 
Plains 
East Africa 
(Sahara) 
 Madina 
(26) 
W 17 
E 27 Rakbah 
Plains 
Volcanic fields 
east of the city ESE 27 
C
en
tr
a
l 
Riyadh 
(151) 
N 14 
N 41 Ad-Dahna Ad-Dahna 
SSE 10 
Gassim 
(81) 
N 13 
NE 20 Ad-Dahna Ad-Dahna 
  
  
  
NNE 10 
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Region 
City 
(DS days) 
Wind direction 
on days without 
dust storms 
% 
Wind 
direction on 
dust-storm 
days 
% 
Expected 
local sources 
of dust 
Likely source 
based on 
prevailing wind 
E
a
st
 
Dhahran 
(78) 
N 19 N 36 
Ad-Dahna 
Ad-Dahna 
Iraqi deserts 
 
WNW 13 
NNW 24 
NW 21 
Alahsa 
(313) 
NNW 21 
NNW 43 Ad-Dahna 
Ad-Dahna 
Iraqi deserts N 19 
Al-
Qaysumah 
(328) 
N 17 NNW 23 
Ad-Dahna 
Ad-Dahna 
Iraqi deserts 
 
NNW 14 NW 16 
S
o
u
th
 
Najran 
(90) 
E 23 NNE 25 Rub al Khali Rub al Khali 
Bisha 
(6) 
ENE 12 
SSW 16 Rub al Khali East Africa 
E 12 
Khamis 
Mushait 
(9) 
SSW 18 SW 23 - - 
Abha 
(15) 
S 28 
SW 33 - Tokar Gap 
SSW 28 
Gizan 
(348) 
W 16 
N 15 
Rub al Khali Rub al Khali E 12 
ENE 12 
Sharurah 
(93) 
E 19 
NNE 14 
Rub al Khali Rub al Khali S 14 
ENE 13 
 
  
107 
 
Summary and Conclusions 
The wind rose analysis of wind directions and speed data during dust-free days and 
dust-storm days for the study period of 29 years (1985-2013) has shown that the An-
Nafud and Syrian deserts are the main local sources for northern region. Dust storms 
originating in the Sahara Desert are also a likely source. In the western region, the 
Rakbah Plains and the volcanic field are the only local sources, but there is the 
potential for dust from the Sahara. In the central and eastern regions, wind roses 
suggest that Ad-Dahna Desert is the main local source with the Iraqi deserts being the 
main remote source. For the southern region, the Rub al Khali is the main local source 
with little contribution from remote sources. 
An important conclusion is that for most cities, if not all, maximum wind speeds were 
always higher on dust-storm days (averaging 20 ms
-1
) than dust-free days (averaging 
about 10 ms
-1
).   
The analysis of wind roses in this chapter has provided some evidence to suggest 
possible local and neighbouring dust sources. To find the remote dust sources, 
corroborative evidence will be further explored using HYSPLIT back trajectories in 
the next chapter. 
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 Identification of Dust Sources using Hysplit Backward Chapter 6
Trajectories (Clustering) During Spring over Saudi Arabia (2000-2009)  
Introduction 
There are three major remote dust sources that affect Saudi Arabia. The first is the 
Sahara Desert, which is the largest remote dust source that impacts Saudi Arabia 
(Swap et al., 1996, Middleton and Goudie, 2001). Saharan dust has global impacts and 
originates in several North African countries. Figure ‎6-1 shows a satellite image of 
dust plumes moving across Libya and Egypt towards Saudi Arabia. 
  
Figure ‎6-1: MODIS images showing dust plumes originating from sources in northern Africa and moving towards Saudi 
Arabia  (from http://rapidfire.sci.gsfc.nasa.gov/subsets/).  
The second is the Fertile Crescent or Mesopotamia (Goudie and Middleton, 2006), 
located between the deltas and flood plains of the Euphrates and Tigris Rivers in Iraq. 
Figure ‎6-2 shows a satellite image of dust emanating from the Fertile Crescent.  
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Figure ‎6-2: MODIS image showing dust emanating from dry lake beds along the Euphrates and Tigris Rivers in Iraq  
(courtesy of The COMET Program and NASA).  
The third major remote dust source is located in eastern Africa (Goudie and 
Middleton, 2006). Figure ‎6-3 shows a satellite image of a dust plume from eastern 
Africa (Sudan) being channelled through the low-elevation Tokar Gap. This valley 
acts as a corridor through which dust is channelled over the Red Sea into Saudi 
Arabia. Of the two dust sources in Africa, the Sahara Desert has a larger impact, 
affecting the Arabian Peninsula as well as other regions throughout the world (Goudie 
and Middleton, 2001).   
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Figure ‎6-3: Dust plume cross Red Sea towards Saudi Arabia from the Tokar gap, in east of Sudan, 11 July 2002 MODIS 
image. 
The previous chapter showed that although most of the cities investigated had deserts 
close by; the wind roses indicated that in a number of cases the source of the dust 
originated not from the deserts in close vicinity to them, but from remote sources. In 
this chapter remote sources are determined from back trajectories using the Hybrid 
Single Particle Lagrangian Integrated Trajectory (HYSPLIT) Model of air masses for 
selected cities in Saudi Arabia. In total, 14 cities representative of the five regions 
discussed in Chapter 4 were selected for investigation (Figure ‎6-4). The cities are 
divided into subgroups for which there appears to be a commonality of dust sources 
based on location and the wind rose data provided in Chapter 5. They are a subset of 
the 25 analysed in Chapters 4 and 5. 
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Figure ‎6-4 The 14 cities analysed for their back trajectories. 
The spring season has been selected for this study, because it is the most active dust 
season in Saudi Arabia (Chapter 4) and the cities were chosen based on the high 
frequency of dust activity reported for them. The period of analysis was between 2000 
and 2009 as this was a period of increasing numbers of dust events following a long 
period of drought (Almazroui et al., 2012).  
The Hybrid Single Particle Lagrangian Integrated Trajectory (HYSPLIT) Model 
tracks the movement of air particles over a given time (Dutton, 2002). These 
backward trajectories are calculated by using wind direction, speed, and vertical 
motion of the air that has been tracked (Dorling et al., 1992). The HYSPLIT model is 
utilised by the Atmospheric Administration Air Resources Laboratory and National 
Oceanic (Draxler and Hess, 1998, Draxler and Rolph, 2003, Draxler and Rolph, 2012) 
for tracking the transport of air masses.  
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HYSPLIT can also be used to forecast the movement of air masses and so predict the 
trajectory of air masses at various altitudes for a given time and location (Moore et al., 
2012), providing three dimensional flight tracks of air masses over a region of interest 
(Freitag et al., 2014).  
Notaro et al. (2013) utilised Hysplit to produce back trajectory clusters from 2005 -
2012 based on the 100 most active dust-days for 13 cities in Saudi Arabia. These back 
trajectories were computed at 500 m with a resolution of 1
o 
x 1
o 
over a period of 84 h. 
They concluded that the primary local source of dust is Rub al Khali desert, while the 
Sahara is the primary remote source affecting the western cities of Saudi Arabia, and 
the Iraqi deserts are the primary remote sources affecting the northern and eastern 
parts of Saudi Arabia.   The current study focuses specifically on spring for all days 
over the period 2000 – 2009 at both 100 m and 500 m, and days with dust events at 
100 m.  
Data and Methods 
Mean clustering was applied for a period of 10 years (2000 – 2009). The analysis was 
conducted first for all days in spring to find the mean pathways of airflow. Then the 
data were filtered to examine mean back trajectories only for dust-days to identify the 
main dust sources.   
Back trajectories were calculated for the 14 weather stations in Saudi Arabia selected 
based on the highest dust record for spring during the study period (2000 – 2009) and 
on the information generated in Chapter 4. The meteorological data were obtained 
from ECMWF's ERA-Interim global reanalysis data set with a resolution of 
0.75°x0.75°. Trajectories began at levels of 100 m and 500 m Above Ground Level 
(AGL) to track the history of the air masses near the surface and an upper level. 
Computing back trajectories at different heights can give an insight into the vertical 
mixing of air masses. 
Back trajectories ran for 72 hours at 12-hour intervals starting at the station under 
investigation.  A mean clustering technique (Hysplit Trajectory Cluster Analysis (Jan 
2010)) was applied to a large number of back trajectories to derive climatologically 
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representative pathways of air masses during the spring. The number of back 
trajectories used for the mean clustering at both levels was around 900 (there were 
missing data for some of the cities). This analysis was carried out for all days in spring 
to identify the dominant pathways of wind. It was then repeated for all days with dust 
events (using all Present Weather WMO codes related to dust 6-9, 30-35 and 98) to 
identify the most likely dust sources. 
Figure ‎6-5 shows the main deserts in and close to Saudi Arabia. Because of the 
closeness of these deserts to each other, it is expected an air mass would cross more 
than one desert prior to arriving to an observation site. Since chemical analysis was 
not part of this investigation, the contribution from each source has not been 
identified, but cluster mean back trajectories of the airflow paths over these deserts are 
plotted using HYSPLIT.  
 
Figure ‎6-5 A map of the Saudi Arabian and surrounding deserts  (https://mrogren.wikispaces.com, accessed on 17/06/2015 –
modified to include the Sahara and the Iraqi deserts)  
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Clustered mean back trajectories for the spring between 2000 and 2009 
In the following section, back trajectories are shown first for all days in spring to 
identify the major air mass pathways at 100 m and 500 m AGL. This is then followed 
by the back trajectories on days with reported dust events to determine if there are any 
notable differences in pathways bringing dust to each of the cities being reviewed. 
Northern region 
Turaif, Guriat and Al-Jouf are situated in the north-west of Saudi Arabia on the border 
with Syria. Turaif and Guriat are the northern most cities with Al-Jouf located to the 
south of them. As discussed in Chapter 3, the north-west of Saudi Arabia is subject to 
winds following the Mediterranean storm track with associated cold fronts, bringing 
high winds and potentially transporting Saharan dust. 
Arar and Rafha are located in the north-east of Saudi Arabia, close the border with 
Iraq. Al-Qaysumah is to the south-east of these two cities but still close to Iraq. 
Figure ‎6-6 shows mean back trajectories for the three north-western cities of Turaif, 
Guriat and Al-Jouf on all spring days. Figure ‎6-7 shows mean clustered back 
trajectories for the three north-eastern cities of Arar, Rafha and Al-Qaysumah for all 
spring days. Figure ‎6-8 shows the back trajectories at 100 m on dust-days for all six of 
the northern cities. 
115 
 
  
  
  
Figure ‎6-6:  Mean clustered back trajectories at 100m and 500m for Turaif, Guriat and Al-Jouf   
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Figure ‎6-7: Mean clustered back trajectories at 100m and 500m for Arar, Rafha and Al-Qaysumah  
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Figure ‎6-8 Mean clustered back trajectories at 100m for Turaif, Guriat, Al-Jouf, Arar, Rafha and Al-Qaysumah on dust-days 
during spring from 2000 - 2009 
 
118 
 
Table ‎6-1 provides a summary of the number of trajectories in the clusters, the percent 
contribution from each pathway and the main desert over which the air mass traversed 
for the cities in the northern districts. For example, the total number of trajectories 
plotted for Turaif at 100 m AGL is 900 and the percentage of those trajectories 
passing over the Syrian Desert is 83. The number of trajectories for dusty days at 100 
m AGL is 326 and in this case, the percentage of those trajectories passing over the 
Syrian Desert is 70.  
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Table ‎6-1 Summary of %contribution for all days and dust-days in cities in the northern region of Saudi Arabia 
 
Height (m) 
Group  
All days  or 
dust-days) 
Number  
of trajectories 
Deserts 
Predictions 
based on 
wind roses in 
Chapter 5 %Sahara %Iraqi %Syrian %Rub al_Kahli %An-Nafud %Ad-Dahna 
Turaif 
 
500 All  817 
 
12 75 
 
13 
 
Syrian Desert 
100 All 900 
 
17 83 
   
100 Dust  326 
 
30 70 
   
Guriat 
 
500 All 788 
 
15 76 
 
9 
 
100 All 892 
 
8 92 
   
100 dust 261 13 20 67 
   
Al-Jouf 
500 All 866 
 
22 47 
 
31 
 
100 All 913 
 
13 72 
 
15 
 
100 dust 280 
 
35 51 
 
14 
 
Arar 
 
500 All 838 
 
38 44 
 
19 
 
Syrian Desert 100 All 888 
 
39 52 
 
9 
 
100 dust 233 
 
51 37 
 
12 
 
Rafha 
 
500 All 875 
 
48 37 
 
4 10 
An-Nafud 100 All 905 
 
51 22 
 
26 
 
100 dust 305 
 
68 20 
 
12 
 
Al-Qaysumah 
500 All 895 
 
52 28 
  
21 
Ad-Dahna 
Iraqi deserts 
 
100 All 911 
 
60 16 7 
 
17 
100 dust 319 
 
45 19 
 
13 24 
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Back trajectories on all days in spring Turaif, Guriat and Al-Jouf   
Figure ‎6-6 shows that at the 100 m level in Turaif, there are two main pathways for 
wind flow. Of these pathways, the dominant wind flows (83%) across the Syrian 
Desert before arriving in Turaif. A second notable wind flow (17%) crosses over 
deserts in southern Iraq. These two deserts are known to significantly contribute to 
dust activity in northern Saudi Arabia as shown by Notaro et al. (2013). 
At the 500 m level in Turaif, the wind flow patterns are similar to the 100 m level. The 
dominant wind flows (75%) cross over the Syrian Desert. Two other pathways 
contributing 13% and 12% can be seen crossing over the An-Nafud and Iraqi desert 
areas prior to arriving in Turaif. Although these airflow paths are not dominant, they 
could be important in relation to dust generation. 
There is a pathway apparent at the 500 m level with a frequency of 14%, which comes 
from Egypt and regions of North Africa. This pathway also crosses the Syrian Desert 
before arriving in Turaif. Figure ‎6-6 shows that the wind pathways arriving in Guriat, 
which is close to Turaif, at the 100 m and 500 m levels, are similar to those for Turaif. 
At 100 m, a high proportion of the pathways cross the Syrian Desert (92%) with a 
small number crossing the Iraqi desert areas (8%). At 500 m there are a small number 
of pathways crossing the An-Nafud Desert in northern region of Saudi Arabia. 
At 100 m level in Al-Jouf, 72% of the wind flow crosses the Syrian Desert and about 
13% over the Iraqi desert areas. Two other pathways from the south-west (6%) and 
south-east (9%) cross the An-Nafud Desert. At 500 m the dominant airflow crosses 
the Syrian Desert (47%), 31% cross the An-Nafud Desert, and 22% cross the Iraqi 
desert areas. 
Back trajectories on dust-days in spring in Turaif, Guriat and Al-Jouf  
Figure ‎6-8 shows the mean clustered back trajectories at 100 m for only dust-days in 
the north-western cities of Turaif, Guriat and Al-Jouf. 
Wind roses for these cities in Chapter 5 identified the Syrian Desert as the primary 
source of dust in the northern part of the country. The back trajectories are consistent 
with this, although they show contributions from the Iraqi desert areas, and from 
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eastern North Africa for Guriat.  The pathway from eastern North Africa (Sahara) is 
only evident on dust-days. 
All the air masses reaching Turaif remained below 400 m for 72 hours prior to 
reaching the city. Some of the air masses reaching Guriat had been slightly higher 
(reaching 600 m) coming from eastern North Africa and along the Mediterranean 
pathway (the typical track for cold fronts generated by spring low pressure systems 
crossing the Mediterranean). The trajectory at 200 m (in green) follows the 
Mediterranean pathway passing over the Syrian Desert. Al-Jouf was similar to Turaif. 
In all three cases the winds coming along the Mediterranean pathway were faster 
(based on the length of the back trajectories.) This high speed, lower altitude air 
masses are likely to stir up dust in the Syrian Desert. 
Back trajectories on all days in spring in Arar, Rafha and Al-Qaysumah 
Figure ‎6-7 shows that at 100 m the two dominant air trajectories in Arar pass over the 
Syrian Desert (52%) and the Iraqi deserts (39%) with trajectories over the Syrian 
Desert being more common.  A small number of trajectories pass over the An-Nafud 
Desert (9%). At 500 m, the trajectories are similar with a slightly higher contribution 
from air masses passing over the An-Nafud Desert (19%). 
At 100 m level over Rafha, about half of the time the airflow crosses the Iraqi desert 
areas. Two other pathways are observable, one crossing the Syrian Desert (22%) and 
the other crossing the An-Nafud Desert (26%). At 500 m, there are two dominant 
airflow pathways, one crossing the Iraqi desert areas 48% and the other crossing the 
Syrian Desert 37%.  Additionally, two less frequent local pathways are evident with 
10% passing over the Ad-Dahna Desert and 4% over the An-Nafud Desert. 
Al-Qaysumah is located further to the south-east, with the most dominant wind flow at 
both 100 m and 500 m coming from Iraq. At the 100 m level, 60% cross the Iraqi 
desert areas, 16% the Syrian Desert, 17% the Ad-Dahna Desert and 7% directly from 
the Rub al Khali. At 500 m, 52% cross the Iraqi desert areas, 28% the Syrian Desert 
and 21% the Ad-Dahna Desert.  
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Back trajectories on dust-days in spring in Arar, Rafha and Al-Qaysumah 
Figure ‎6-8 shows the mean clustered back trajectories at 100 m for only dust-days in 
the north-eastern cities of Arar, Rafha and Al-Qaysumah  
The wind pathways in the north-eastern cities of Arar, Rafha and Al-Qaysumah, 
predominantly came from the Iraqi desert areas; this is not surprising as they are 
located on the border with Iraq. However, there are major contributions from the 
Syrian and An-Nafud deserts which are also indicated by the westerly and north-
westerly winds shown in the wind rose data. Al-Qaysumah is further south-east of the 
other two cities and to west of the Ad-Dahna Desert. For these three cities, the air 
masses reaching them come from much higher altitudes. In each case the winds from 
the highest altitudes came from the direction of East Africa at high speeds, before 
crossing the desert areas of central Saudi Arabia. Those coming from along the 
Mediterranean storm track also came from higher altitudes and were the fastest winds.  
In summary, the data show that the dominant airflow over the two most northern cities 
of Turaif and Guriat on all spring days, regardless of the presence of dust, passes over 
the Syrian Desert, as predicted from the wind roses.  
Al-Jouf and Rafha are in the north-east of Saudi Arabia, close to the Iraqi border, 
while Arar is north-central. As expected from the wind rose data, these three cities 
come under the influence of air flowing over the Syrian Desert. However, there is also 
a substantial contribution from the Iraqi deserts, with the airflow over the Iraqi deserts 
being more dominant in Rafha and Arar. All three cities have air mass pathways 
flowing over the An-Nafud Desert. The wind pathways for Al-Jouf were of a similar 
height to those of Turaif, but for Rafha, Arar and Al-Qaysumah, the starting heights 
exceeded 1000 m. One major pathway came from East Africa with high winds speeds. 
A second fast moving air mass followed the Mediterranean track. Al-Qaysumah is 
south-east of Rafha, close to the Iraqi border and the Ad-Dahna Desert. As predicted 
by the wind rose data, the main airflow goes over the Iraqi deserts and the Ad-Dahna 
Desert, with the Iraqi deserts being dominant. However, the Syrian Desert still exerts a 
sizeable influence, as does An-Nafud Desert. 
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Western, Eastern and Central Regions 
Gassim and Riyadh are located in the centre of Saudi Arabia and generally have a 
high incidence of dust storms as shown in Chapter 4. Alahsa is close to the Arabian 
Gulf in the east of Saudi Arabia while Yenbo is on the coast of the Red Sea on the 
western side of Saudi Arabia  
Figure ‎6-9 shows the analysis of back trajectories for the central cities of Gassim and 
Riyadh for all days in spring from 2000 to 2009. Figure ‎6-10 shows the back 
trajectories for the eastern city of Alahsa and western city of Yenbo. Figure ‎6-11 
shows the back trajectories for all dust-days in spring for all four cities. 
  
 
 
 
Figure ‎6-9 Mean clustered back trajectories at 100m and 500m for Gassim and Riyadh 
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Figure ‎6-10: Mean clustered back trajectories at 100m and 500m for Alahsa and Yenbo 
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Figure ‎6-11: Mean clustered back trajectories at 100 m for only dusty days in central (Gassim), eastern (Alahsa and Riyadh), 
and west coastal (Yenbo)  
Table ‎6-2 provides a summary of the number of trajectories in the clusters, the percent 
contribution from each pathway and the desert over which the air mass traversed for 
the cities in the western, eastern and central districts.  
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Table ‎6-2 Summary of %contribution from each desert for all days and dust-days in cities in the western, central and eastern regions of Saudi Arabia 
 
   Desert  
 
 
Height 
(m) 
Group 
All days  or 
dust-days) 
Number of trajectories Sahara Iraqi 
Iraqi   
+ 
Ad-
Dahna 
Syrian  
+ 
An-
Nafud 
Rub 
al_Khali 
An-
Nafud 
+ Ad-
Dahna 
An-
Nafud 
Ad-
Dahna 
Rakbah 
Plains 
Syrian 
Red 
Sea 
Other 
Identity of 
Other 
Prediction 
from 
wind 
roses 
Gassim 500 All 911 
  
23 
 
12 
 
22 33 
   
10 
 
Ad-Dahna  100 All 919 
  
21 15 17 
 
8 33 
   
6 
 
 100 dust 51 24 49 
     
27 
     
Riyadh 500 All 915 
  
32 
 
20 34 6 
 
8 
    
Ad-Dahna  100 All 920 
  
25 4 24 
 
12 15 6 
  
13 Arabian Gulf 
 100 dust 511 
 
46 
  
22 10 
 
17 
     
Alahsa 500 All 911 
 
54 
  
20 
  
10 
   
16 Arabian Gulf 
Ad-Dahna 
Iraqi 
deserts 
 100 All 918 
 
45 
  
15 
  
2 
   
38 Arabian Gulf 
 100 dust 338 
 
69 
  
25 
  
7 
     
Yenbo 500 All 835 43 
        
14 39 4 
 
Sahara  100 All 898 51 
     
8 
 
13 
 
27 
  
 100 dust 113 79 
  
12 
     
16 10 
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Back trajectories on all days in spring in Gassim, Riyadh 
In Gassim at 100 m, multiple wind pathways can be seen. The most dominant pathway 
crosses Ad-Dahna Desert (33%), followed by an airflow, which first crosses the Iraqi 
desert areas and then the Ad-Dahna Desert (21%), the Rub al Khali Desert (17%) and 
the Syrian and An-Nafud deserts (15%). The situation at the 500 m level is not much 
different for the two dominant pathways with 33% crossing the Ad-Dahna Desert, 
23% passing over the Iraqi desert areas and then the Ad-Dahna Desert and 22% 
crossing An-Nafud Desert. The wind frequency crossing the Rub al Khali is 12%. 
Other wind pathways contribute 10%. 
Back trajectories at Riyadh show winds arriving at the Saudi Arabian capital from 
several directions (Figure ‎6-9). At 100 m the most frequent wind pathway (25%) 
arrives after crossing the Iraqi desert areas and the Ad-Dahna Desert in the north; the 
second most frequent pathway comes from a southerly direction after crossing the Rub 
al Khali. Other less frequent wind flows arrive in Riyadh after crossing the Ad-Dahna 
Desert, the Arabian Gulf and the An-Nafud Desert.  At 500 m, the most frequent 
pathway (34%) crosses the Ad-Dahna Desert, followed by airflow travelling over the 
Iraqi desert areas and the Ad-Dahna Desert (32%). Another notable trajectory (20%) 
travels over the Rub al Khali in addition to two other insignificant wind pathways. 
Back trajectories on dust-days in spring in Gassim and Riyadh  
Gassim and Riyadh being located in the centre of Saudi Arabia are expected to have a 
high incidence of dust storms as discussed previously. However, in this case the 
number of days of dust-events for Gassim is quite low (51). Wind rose data predicted 
that the Ad-Dahna Desert would be the most likely source of dust. The back 
trajectories show that on days of dust, the wind flow is more frequent from the Iraqi 
deserts with some contribution from the Ad-Dahna and An-Nafud deserts. However, 
the height of the trajectories is less than 500 m of the 72 h before reaching Gassim. 
Based on this information, the dust in Gassim is most likely to have come from 
neighbouring sources rather than remote sources.  
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The back trajectories for Riyadh are similar to Gassim but it receives air from much 
greater heights, indicating the possibility of dust from remote sources as well as local 
sources. Air from above 1000 m comes from the south- west of Saudi Arabia. Another 
track comes from 800 m above North Africa and crosses the north-western deserts of 
Saudi Arabia. Riyadh also receives air from the Rub al Khali on dust-days.  
Back trajectories on all days in spring in Alahsa and Yenbo 
For Alahsa, at 100 m level, there were three important wind pathways found 
(Figure ‎6-10). These pathways cross the Iraqi desert areas (45%), the Arabian Gulf 
(38%) and the Rub al Khali (15%). At 500 m, these three main pathways are still the 
most frequent with wind crossing Iraqi desert areas making up 54%, the Rub al Khali 
20% and the Arabian Gulf 16%. An additional pathway travels over Ad-Dahna Desert 
accounting for the remaining 10%.   
In Yenbo at 100 m, an airflow crossing the Sinai desert in Egypt is the most frequent 
pathway (40%). Wind pathways along the Red Sea contribute to 27%, and somewhat 
less frequent pathways travel over Rakbah Plains (13%) in the western part of Saudi 
Arabia. At 500 m, the most dominant wind pathway crosses North Africa (43%) 
followed by an airflow travelling south-east along the Red Sea (39%), while 14% 
travels over the Syrian deserts, with a 4% contribution from other directions. 
Back trajectories on dust-days in spring in Alahsa and Yenbo  
Alahsa is in the east, close to the Arabian Gulf, and together with Riyadh, are the 
closest cities in the 14 selected to the Rub al Khali. Wind rose data predicted that the 
Iraqi and the Ad-Dahna deserts would be the major contributors to dust over Alahsa. 
Indeed, nearly 70% of all pathways come from the Iraqi deserts on days of dust. There 
is also a significant contribution from the Rub al Khali and a small contribution from 
the Ad-Dahna Desert. Seventy-two hours before reaching Alahsa, the air mass is at 
1200 m over Iraq. This is likely to be associated with the cold fronts crossing the 
Mediterranean and north Saudi Arabia bringing Shamal winds. 
Yenbo is on the central western coast of Saudi Arabia on the Red Sea and as expected 
from the wind rose data, nearly half of the back trajectories on days of dust came from 
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the direction of the Sahara. These winds come from high altitudes (>2000 m) with 
high speeds (based on the length of the trajectory). It is likely that these winds bring 
dust from the western Sahara.  Winds also pass over the Syrian and An-Nafud deserts.  
In summary, the back trajectories show that the main origin of desert dust in Gassim, 
Alahsa and Riyadh are the Iraqi desert areas, while the Ad-Dahna Desert is identified 
as a local source (from both wind roses and back trajectories). The main source of dust 
in Yenbo in the west appears to be from the north African deserts, and not east Africa 
as predicted by wind rose data in Chapter 5.   
Southern Region 
The last group of back trajectories in this study is for Gizan and Bisha in the south-
west, and Sharurah and Najran in the south of Saudi Arabia. Gizan is on the south 
coast of the Red Sea while Bisha is north of Gizan and inland. Sharurah and Najran 
are the closest of the 14 cities to the Rub al Khali.  
Figure ‎6-12 shows back trajectories for Bisha and Sharurah at 100 m and 500 m for all 
spring days, Figure ‎6-13 shows the back trajectories for Gizan and Najran. 
Figure ‎6-14 shows the back trajectories at 100 m on dust-days for the four cities. 
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  Figure ‎6-12 Mean clustered back trajectories at 100m and 500m for Bisha and Sharurah  
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Figure ‎6-13: Mean clustered back trajectories at 100m and 500m for Najran and Gizan 
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Figure ‎6-14: Mean clustered back trajectories at 100m for only dusty days in south-western coastal (Gizan) and southern 
stations (Bisha, Najran & Sharurah). 
Table ‎6-3 provides a summary of the number of trajectories in the clusters, the percent 
contribution from each pathway and the desert over which the air mass traversed for 
the cities in the southern districts.  
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Table ‎6-3 Summary of %contribution for all days and dust-days in cities in the southern region of Saudi Arabia 
 
Height (m) 
Group 
All days  
or dust-
days) 
Number of trajectories 
Deserts Prediction 
based on 
wind 
roses 
 
Sahara Iraqi 
Iraqi 
Ad-
Dahna 
Syrian 
and 
An-
Nafud 
Rub al 
Khali 
An-
Nafud 
+ Ad-
Dahna 
An-
Nafud 
Ad-
Dahna 
Rakbah Syrian 
Red 
Sea 
Gulf of 
Aden 
Yemen 
Bisha 500 All 920     33    6  60    
 
East 
Africa 
 100 All 920     31    10  60    
 100 dust 224 16    10   13   48 13   
Sharurah 500 All 919     48        52 Rub Al 
Khali 
 100 All 920     42        57  
 100 dust 347   12   24    6    59  
Najran 500 All 920     68      7 26  Rub Al 
Khali 
 100 All 920     55      16 15 14  
 100 dust 355       38    12  30  19  
Gizan 500 All 920     5      57 38  Rub Al 
Khali 
 100 All 920     3      51 46   
 100 dust 137 9     4      45 42   
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Back trajectories on all days in spring in Bisha, Gizan, Sharurah and Najran 
In Bisha, three wind pathways can be identified at 100 m and 500 m, with the 
dominant airflows blowing from different directions across the Red sea. In total, these 
pathways add up to 60% each at the two altitudes.  Of the 60%, two pathways (25% at 
100 m and 23% at 500 m) have short trajectories indicating a slow moving air mass 
across the Red Sea. However, it is clearly coming from the direction of the Tokar Gap 
in East Africa. This is followed by, a wind pathway crossing the Rub al Khali 31% at 
100 m and 33% at 500 m. The third pathway 10% at 100 m and 6% at 500 m is an 
airflow crossing the Rakbah Plains, dry plains in western Saudi Arabia notorious for 
contributing to local dust activity (Edgell, 2006b).   
Both Sharurah and Najran show similarity in wind pathways with slight variations in 
percentage occurrences, and also with an additional pathway in Najran. The two most 
common pathways in Sharurah at 100 m cross over Yemen (57%) and the Rub al 
Khali (42%). These airflow occurrences in Najran are 29% and 55%, respectively, 
with the additional pathway (16%) blowing from the Red sea. At both stations at 500 
m, the airflow patterns are repeated with only slight variations in percentage 
occurrences  
 Back trajectories on dust-days in spring in Bisha, Gizan Sharurah and Najran  
Bisha is located inland of the coast of the Red Sea while Gizan is located on the 
southern coast. Based on back trajectories, most of the pathways on dust-days travel 
over the Red Sea, so winds from this direction could bring dust from eastern North 
Africa. The south-westerly flows indicated by the wind roses would support this 
analysis. This wind track is fast moving and is at 600 m over in north Africa 72 h prior 
to reaching Bisha. There are also pathways coming from the Sahara, the Rub al Khali, 
the Gulf of Aden and the Ad-Dahna Desert.  
The coastal city of Gizan has few back trajectories crossing the desert areas, but those 
that do, tend to come from North Africa and the Rub al Khali. As with Bisha, there is 
a back trajectory that starts at 1000 m above the north of Africa, which travels down 
through the Red Sea. It is likely that this wind will bring dust from the Sahara. 
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Najran and Sharurah are most affected by the Rub al Khali, as predicted by wind 
roses. Back trajectories also show minor contributions from the Rakbah Plains. The 
back trajectories for winds for both cities started at less than 500 m, indicating that 
local and neighbouring dust sources such as desert areas of Yemen are most likely, 
particularly for Sharurah. The back trajectories for Najran have 12 hourly rises and 
fall in heights, which might due diurnal heating and cooling, but this would need to be 
examined further. 
Conclusions 
Analyses of back trajectories for 14 Saudi Arabian meteorological stations were 
carried out firstly to identify the main wind pathways at 100 m and 500 m, and 
secondly to identify potential dust sources at 100 m level during spring. There were no 
notable differences between the pathways at the two altitudes.  
In the northern region, the main airflow pathways arrive after crossing the Syrian and 
Iraqi desert areas for all spring days. These are the same pathways followed by cold 
fronts passing over the Mediterranean Sea in spring. This is the same for days of dust 
with a small contribution from the An-Nafud Desert. These results agree with the 
predictions based on wind roses. 
Moving towards south-eastern Saudi Arabia, the influence of Syrian Desert is reduced 
but the neighbouring sources from southern Iraq and local sources become more 
dominant. 
In the central stations (Gassim and Riyadh), the main airflow pathways travel over 
Ad-Dahna Desert, while moving eastward to Alahsa; the dominant pathway crosses 
over the Iraqi desert areas. In Yenbo, the main wind pathways cross over North Africa 
(Sinai desert) and the Red sea.  
In the south, the dominant airflow pathways are along the Red Sea and Gulf of Aden 
towards Gizan. In Bisha, the main airflow pathways cross over the Red Sea and the 
Rub al Khali. For Sharurah and Najran, the airflow pathways predominantly travel 
over the Rub al Khali and the arid regions of Yemen.       
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Based on mean clustered back trajectories at 100 m for dusty days and wind roses, the 
identified dust sources are the Syrian and Iraqi desert areas for the northern regions 
and the Iraqi desert areas for the central and eastern stations.   
The main dust source in Yenbo and Bisha is the North African deserts (Sahara). For 
Najran and Sharurah in the southern region, the Rub al Khali is the main source. The 
contributions from local sources in Yenbo are insignificant because the airflow is 
constrained by the local topography.  
While the results of this analysis are in general agreement with the work of Notaro et 
al. (2013) it has provided much more detail for each of the cities in specific regions of 
Saudi Arabia. In particular, it has highlighted the influence of the Syrian Desert on the 
northern cities, the Tokar Gap, the Rakbah Plains and volcanic plains on the western 
cities and the desert areas of Yemen on the southern cities. It has also looked in more 
detail at the length and heights of the trajectories, which point to the speed of the air 
masses and the likelihood of either remote or local sources of dust. 
 137 
 
 Changes in Temporal Characteristics of Dust over Saudi Arabia Chapter 7
from 1985 – 2013 and the Relationship with ENSO 
Background 
As demonstrated in Chapter 3 of this thesis, the occurrence of dust storms in Saudi 
Arabia shows seasonal variability. Understanding temporal and spatial variability of 
dust events over a long period of time is important to document changes in the 
occurrence of dust events and to enable the prediction of future dust activity.  The 
change in frequency of dust storms could cause significant impacts on the ecosystem, 
economy, human beings and environment (Natsagdorj et al., 2003). 
This chapter aims to examine the change in frequency of three types of dust- Haze, 
Local Dust Event (LDE) and Dust Storm (DS) covering the period 1985 – 2013, and 
the possible relationship between long-term dust records and the ENSO cycle. The 
relationship between rainfall in Saudi Arabia and the Rub al Khali and dust records 
during the study period will be also be examined. 
Hoell et al. (2014) reported on the effect of the El-Ni o Southern Oscillation (ENSO) 
cycle globally and importantly for Saudi Arabia, its effect on the Mediterranean Sea 
Surface Temperatures (SST) and the Indian Monsoon.  The relationship between the 
Mediterranean SST and rainfall in North Africa was discussed in the literature review 
(Chapter 2). When the Mediterranean SST decreases, rainfall decreases and dust 
storms are generated in the Sahel that travels over northern Saudi Arabia. The effect 
of ENSO on the Indian Monsoon is due to its influence on the Indian Ocean SST. In 
the El-Ni o phase, rainfall in Saudi Arabia is increased and the strength of the 
summer Shamal wind that affects the northern part of Saudi Arabia is also increased 
during dust active seasons (Yu et al., 2015). 
There are two commonly used measures for the strength of the ENSO cycle. The first 
is the Southern Oscillation Index (SOI), which is an indication of the strength of El-
Niño, or La Niña phases in the tropical Pacific Ocean. The SOI is calculated from the 
differences in pressure between Tahiti and Darwin.  The Oceanic Nino Index (ONI) is 
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calculated from the sea surface temperatures (SST) in the eastern equatorial Pacific 
Ocean, and is the preferred method used by NOAA. 
The SOI and ONI have similar shapes but have opposite sign. 
http://appinsys.com/globalwarming/enso.htm 
Data and Methods 
The data used for the analysis in this chapter include: weather observations from the 
National Climatic Data Center (NCDC), Hourly Global and U.S. Integrated Surface 
Hourly Data Set for 1985-2013 from 25 weather stations across Saudi Arabia. Data for 
The Oceanic Nino Index (ONI) were extracted from the ―Running 3-month mean ONI 
values‖ (Null, 2017). Data for The Southern Oscillation Index (SOI) were extracted 
from the monthly SOI indices (NOAA, 2011). The monthly terrestrial rainfall data for 
Saudi Arabia and the Rub al Khali Desert were obtained from the University 
Delaware (Willmott and Matsuura, 1995), on a 0.5°×0.5° grid from 1900 to 2014.   
A correlation coefficient was generated using an EXCEL spread sheet for the SOI 
index versus the number of dust events per year, for each class of dust event. 
Similarly, the correlation between the total annual rainfall (for whole of Saudi Arabia 
and the Rub al Khali separately) and the SOI index was calculated. 
Temporal variations 
Figure ‎7-1 shows a time-series plot of inter-annual and decadal variability of total dust 
activity for the period 1985 – 2013. These varying patterns are plotted together with 
the ENSO cycle. The solid red horizontal line is the long-term average calculated over 
the study period with a total annual average frequency of 2597 for the 25 cities 
analysed in Chapters 4 and 5. Any deviation from this line is considered anomalous, 
and based on this, the time series plot in Figure ‎7-1 can be classified into three 
periods:  1985 – 1994 (P1) when dust activity was above average, 1995-2009 (P2) 
when dust activity was below average and 2010-2013 (P3) when dust activity 
increased again. 
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Figure ‎7-1: Time series of total dust activities and the ENSO cycle. The symbols stand for: (E) El Nino, (N) Neutral and (L) 
La-Ni a. The red line is the long time average for 25 cities (2597).  
Between 1985 and 1994, a neutral to La-Ni a phase dominated the ENSO cycle 
during which time the total dust activity was anomalously higher than the average.  
For the period 1990 – 1991, a neutral phase prevailed. However, the sudden increase 
to a significantly higher frequency of dust in 1990 until 1992 can be attributed to 
human activities as a result of the first Gulf war between the allied force led by the US 
and the Iraqi government (El-Shobokshy and Al-Saedi, 1993). As part of the 
preparation for the war, heavy military machinery and logistics transport vehicles 
were stationed in northern and eastern Saudi Arabia. The movement of these vehicles 
caused enough stirring of the land surface to significantly increase dust loading into 
the atmosphere. At the same time, there were smoke plumes from the Kuwaiti oil fires 
as a result of the Arabian Gulf War in 1991, which might have had an impact on 
observations of Haze in Saudi Arabia. However, this is unlikely to have had a 
significant impact on Saudi Arabia since Noroozi (2000) tracked the smoke plumes 
from the oil fires, and showed that the prevailing winds took the smoke away from 
Kuwait towards the Arabian Gulf and Iran, rather than over Saudi Arabia. 
Between 1995 – 2009, the El-Ni o phase was dominant and seems to correspond with 
a drop in total number of dust events. From 2008 until the end of the study period, the 
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anomalously high dust activity may be at least partly attributed to the effect of La-
Ni a. In the following sections, the relationship between different types of dust events 
and the SOI index will be examined in more detail. 
Figure ‎7-2 shows the time series for Haze. It matches the pattern of total dust activity 
shown in Figure ‎7-1. The time series for LDE (Figure ‎7-3) shows almost the same 
pattern as the Haze, with a lower frequency of occurrence. The explanation given for 
total dust activity is equally applicable for Haze and LDE. These two types of dust 
events are mainly generated from local sources. The time series for DS (Figure ‎7-4) 
shows the same trend as those for Haze and LDE, but in this case, the frequency did 
not bounce back above the long-term average. This might be because DS sources are 
not necessarily the same as those of Haze and LDE. DSs are more influenced by 
remote sources and the effect of La-Ni a on those sources is li ely to be different. The 
relationship between the SOI index and the different types of dust events will be 
discussed in more detail below. 
Haze 
 
Figure ‎7-2: Long term-trend of Haze for 1985-2013. The red line is the long-term average over the period investigated for 25 
cities (1443). The blue line is the annual number of events; the black line is the trendline.  
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Local dust events (LDE) 
 
Figure ‎7-3: Long term-trend of LDE for 1985-2013. The red line is the long-term average over the period investigated for 25 
cities (1066).  The blue line is the annual number of events; the black line is the trendline.  
Dust storms (DS) 
 
Figure ‎7-4: Number of DS per year from 1985-2013. The red line is the long-term average over the period investigated for 
25 cities (89).  The blue line is the annual number of events; the black line is the trendline.  
Relationship between Southern Oscillation Index (SOI) and Dust Events 
This section will examine the potential relationship between the Southern Oscillation 
Index (SOI) and different types of dust events. These events are classified in the same 
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way established in Chapter 4: Haze (code 6), Local Dust Events (LDEs) (codes 7-9), 
and Dust Storms (DSs) (codes 30-35 and 98).  
Figure ‎7-5, Figure ‎7-6 and Figure ‎7-7 plot the relationship between the SOI and the 
number of dust events for severe dust storms, dust storms and moderate dust storms, 
respectively while Table ‎7-1 provides a summary of the correlations. There is no 
apparent correlation between the SOI index and the annual frequency of Haze (0.12) 
and Local Dust Events (-0.10), but there does appear to be a correlation between the 
SOI and DSs (-0.30).   DSs were defined as a combination of Moderate Dust Storms 
with WMO codes (30-32 and 98) and Severe Dust Storms with WMO codes (33-35). 
The strongest correlation between all types is the correlation between the Severe Dust 
Storms and SOI (-0.35). However, there may be relationship with Haze and LDE but 
because these occur so frequently it might be difficult to discern small changes in such 
a large number.  
 
Figure ‎7-5: Relationship between Southern Oscillation Index (SOI) and severe dust storms per year (WMO codes 33-35) 
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Figure ‎7-6: Relationship between Southern Oscillation Index (SOI) and Dust Storms (codes 30-35 and 98) 
 
 
Figure ‎7-7: Relationship between Southern Oscillation Index (SOI) and Moderate Dust storms (codes 30-32 and 98) 
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Table ‎7-1: Correlation between the SOI and the different types of dust events 
Correlation between the SOI and the different types of dust events 
Haze 0.12 
No or negligible relationship Local Dust Events (LDE) -0.10 
Moderate Dust Storms (MDS) -0.27 
Severe Dust Storms (SDS) -0.35 
Moderate negative relationship 
Dust storms (MDS + SDS)) -0.30 
 
To summarise, the time series pattern is consistent with the La-Ni a phase of the 
ENSO cycle (the cold phase - positive SOI) in which dust storms in Saudi Arabia are 
increased, while in the El-Ni o phase (the warm phase - negative SOI) the opposite 
effect occurs. However, while this relationship is evident for DS, the case is not so 
strong for either LDE or Haze; clearly, there are other factors involved.  
Since dust is related to rainfall, the relationship between annual total rainfall over 
Saudi Arabia during the period of investigation and the SOI index was calculated. 
There is a moderate negative correlation (-0.32) between total annual rainfall over 
Saudi Arabia and the SOI index and a weak negative correlation between the SOI 
index and annual rainfall over the Rub al Khali (-0.18).  
In the next section, dust activity is compared with rainfall. 
The correlation between rainfall in Saudi Arabia and the different types 
of dust events  
Figure ‎7-8 shows the number of days experiencing each of the dust event types over 
Saudi Arabia versus the annual rainfall over Saudi Arabia and the annual rainfall over 
the Rub al Khali. The Pearson correlation coefficient was calculated for each case 
using EXCEL and is shown on each graph. With the total annual rainfall, there was 
the moderate negative relationship between rainfall and Haze (-0.31); for LDE (-0.11), 
DS (0.07) and Total Dust Activity (-0.24) the relationship was negligible.  
The strong correlation expected between rainfall deficit over the whole of Saudi 
Arabia (drought) and dust activity is not evident in the data analysed.  However, for 
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the Rub al Khali Desert, the negative correlation with both Haze and LDE is stronger. 
This reflects the importance of the Rub al Khali in generating dust over the southern, 
eastern and central regions as shown by the back trajectories in Chapter 6. 
 146 
 
  
  
0
500
1000
1500
2000
2500
3000
0
50
100
150
200
250
1
9
8
5
1
9
8
7
1
9
8
9
1
9
9
1
1
9
9
3
1
9
9
5
1
9
9
7
1
9
9
9
2
0
0
1
2
0
0
3
2
0
0
5
2
0
0
7
2
0
0
9
2
0
1
1
2
0
1
3
N
u
m
b
e
r o
f d
a
y
s o
f d
u
st e
v
e
n
t 
R
a
in
fa
ll
 (
m
m
) 
Year 
Annual Rainfall in Saudi Arabia versus Haze 
Rain Average SA Haze
0
500
1000
1500
2000
2500
3000
0
20
40
60
80
100
120
140
160
1
9
8
5
1
9
8
7
1
9
8
9
1
9
9
1
1
9
9
3
1
9
9
5
1
9
9
7
1
9
9
9
2
0
0
1
2
0
0
3
2
0
0
5
2
0
0
7
2
0
0
9
2
0
1
1
2
0
1
3
N
u
m
b
e
r o
f d
a
y
s o
f d
u
st e
v
e
n
t 
 
R
a
in
fa
ll
 (
m
m
) 
Year 
Annual Rainfall in Rub al Khali versus Haze 
Rain Empty Quarter Haze
0
500
1000
1500
2000
0
50
100
150
200
250
1
9
8
5
1
9
8
7
1
9
8
9
1
9
9
1
1
9
9
3
1
9
9
5
1
9
9
7
1
9
9
9
2
0
0
1
2
0
0
3
2
0
0
5
2
0
0
7
2
0
0
9
2
0
1
1
2
0
1
3
N
u
m
b
e
r o
f d
a
y
s o
f d
u
st e
v
e
n
t 
R
a
in
fa
ll
 (
m
m
) 
Year 
Annual Rainfall in Saudi Arabia versus LDE 
Rain Average SA Local dust
0
500
1000
1500
2000
0
50
100
150
1
9
8
5
1
9
8
7
1
9
8
9
1
9
9
1
1
9
9
3
1
9
9
5
1
9
9
7
1
9
9
9
2
0
0
1
2
0
0
3
2
0
0
5
2
0
0
7
2
0
0
9
2
0
1
1
2
0
1
3
N
u
m
b
e
r o
f d
a
y
s o
f d
u
st e
v
e
n
t 
R
a
in
fa
ll
 (
m
m
) 
Year 
Annual Rainfall in Rub al Khali versus LDE 
Rain Empty Quarter Local dust
Correlation  = -0.31 
Correlation  = -0.11 Correlation  = -0.30 
Correlation  = -0.40 
 147 
 
  
Figure ‎7-8: Correlation between rainfall and type of dust events over Saudi Arabia and Rub al Khali from 1985 - 2013
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Changes in the mean seasonal sea level pressures between1985 and 
2013 
The mean seasonal sea level pressures for each period above (P1, P2 and P3) are 
plotted in Figure ‎7-9. These figures show subtle changes in the strength and extent of 
the major pressure systems around the Middle East.  
In the winter season (December, January and February), the changes are minor but 
there do appear to be differences in the thermal low-pressure system crossing the 
Mediterranean Sea. It weakened during P2 when dust activity was below average in 
Saudi Arabia but was much stronger in P3 when the La-Ni a phase of the ENSO cycle 
was active. This thermal low is associated with cold fronts, which during winter bring 
strong winds and rain, and sometimes dust storms, depending upon whether or not the 
storm track crosses desert areas. From this, one would expect there to be an increase 
in dust storm activity during winter in P3 from P2 in the northern, central and north-
eastern parts of the country.  
In the spring months (March, April and May), the Sudan Low and Indian Monsoon 
Low were strongest in P1, weakening over the following two periods. These low-
pressure systems bring warm moist air over the Middle East bringing rain to the 
southern and western parts of Saudi Arabia. In P2, the Azores High extended further 
towards Saudi Arabia. The interaction between the ridge of the Azores High pressure 
system and the trough of the still strong Sudan Low can cause unstable weather 
producing dust storms or rain. 
In the summer months (June, July and August), the Indian Monsoon Low increased in 
strength from P1 to P3.  The Indian Monsoon brings hot moist air over most of Saudi 
Arabia so the strength of the Indian Monsoon Low is related to temperature. Indeed 
the summers have been getting hotter over the last three decades. Records show that 
2010 (Almazroui et al., 2012) was the warmest year in the study period. If this trend 
continues, then temperatures would be expected to continue to increase. Rainfall 
would also be expected increase in the mountainous areas in the south-west. 
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In autumn, there is a very clear reduction in the intensity of the Sudan Low and Indian 
Monsoon Low from P1 to P3.  This is the opposite situation to that of the summer, so 
perhaps cooler autumns, less rain and stable conditions might be expected if this trend 
continues.  
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P1 (1985 – 1994) P2 (1995 – 2009) P3 (2010 – 2013) 
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Figure ‎7-9:  Seasonal mean sea level pressures for 1985-1994, 1995-2009 and 2010-2013
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Changes in dust storm activity in the most dust prone cities 
The Student t test (paired by month) was used to determine whether there was any 
significant difference in dust activity in the most dust prone cities across Saudi 
Arabia in periods P1, P2 and P3. The results of this analysis are shown in 
Table ‎7-2.  In general, dust activity has decreased in these cities during the period 
of analysis except for Haze in Riyadh, Dhahran and Al-Qaysumah in which it has 
increased.  
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 Table ‎7-2: Test of significance for dust activity between periods P1, P2 & P3 using a 2 sample paired t-test (95% CI) 
* The change in the frequency of Haze was very noticeable going from an average of 17 events 
per month to less than 8 per month. 
Station Type of dust P1 VS P2 P1 VS P3 P2 VS P3 Region 
Riyadh 
 
Haze Yes  Yes Yes  
Central Local Dust Event Yes  Yes  Yes  
Dust Storms Yes  Yes  No 
Dhahran 
Haze Yes  No Yes  
Eastern Local Dust Event No No Yes  
Dust Storms No No No 
Gizan 
Haze Yes  Yes   No 
South-western Local Dust Event No Yes  Yes  
Dust Storms Yes  Yes  No 
Guriat 
Haze Yes  Yes  No 
Northern Local Dust Event No Yes  Yes  
Dust Storms No Yes  Yes  
Jeddah 
Haze Yes  No No 
Western Local Dust Event Yes  Yes  Yes  
Dust Storms No No Yes  
Najran 
Haze* Yes  Yes  Yes  
Southern Local Dust Event No No No 
Dust Storms No Yes  Yes  
Al-Qaysumah 
Haze Yes  No Yes  
Eastern Local Dust Event Yes  Yes  Yes  
Dust Storms No No No 
Tabuk 
Haze Yes  Yes  No 
North-western Local Dust Event Yes  Yes  Yes  
Dust Storms No No No 
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Looking at the differences between P1 and P2, it can be seen that there are 
obvious significant changes in Riyadh and Gizan with dust storm activity being 
greater in P1 than P2. There are also changes in Haze and LDE in the other cities 
with the Haze and LDE being more frequent in P1.  In Guriat, Dhahran and 
Najran, there is only significant change in Haze, with higher frequency in P1. 
There has been a large change in the number of monthly Haze events in Najran 
going from 17 events to less than half that number. This city is very close to the 
Rub al Khali and may be affected by changes in the position and intensity of the 
Sudan and Indian Monsoon lows. 
Examination of the differences between P1 and P3 shows that dust storms were 
more frequent in P1in Riyadh, Guriat, Najran and Gizan. Changes in Haze and 
LDE were observed in most of the other cities, with Haze and LDE being more 
frequent in P1 than P3. There was no change in Dhahran in any type of dust 
activity between P1 and P3.  
Between P2 and P3, there have been significant changes in Jeddah, Guriat and 
Najran with dust storm activity being greater in P2. Changes in Haze and LDE 
were observed in the other cities with the Haze being more frequent in P3 in 
Riyadh, Dhahran and Al-Qaysumah. These three cities are centrally located 
towards the east of the country and subject to dust from the Iraqi deserts, the Rub 
al Khali and the Ad-Dahna deserts (Figure 4-1in Chapter 4). 
The changes in all types of dust event frequencies that have been observed 
between the three periods (P1, P2 and P3) correlated to some degree with the 
changing phases of the ENSO cycle as shown in Figure ‎7-1 and also with variation 
in rainfall in the Rub al Khali Desert. Changes in the ENSO cycle are expected to 
affect the SST in the Indian Ocean, causing changes in wind speed and direction 
in different parts of Saudi Arabia, especially for those cities close to the Rub al 
Khali desert: Najran, Dhahran and Riyadh.  
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Conclusions  
This chapter investigated the correlation between the SOI index, rainfall and three 
types of dust events over the past three decades in Saudi Arabia.  From 1985 – 
2013, there have been three distinct periods during which the phases of the ENSO 
cycle have changed almost in parallel with changes in total dust activity. A 
moderate correlation was found between the SOI index and dust storms, with dust 
storms being more frequent in the La-Ni a phase of the ENSO cycle. The 
correlation between the SOI and either Haze or LDE was very weak. There was a 
moderate negative correlation between total annual rainfall over Saudi Arabia and 
the SOI. A moderate negative correlation was observed between total annual 
rainfall and Haze with an even stronger correlation between rainfall over the Rub 
al Khali and both Haze and LDEs. 
An analysis of the mean sea level pressure over the three periods of time for each 
season has shown some changes in the intensity and extent of the dominant 
pressure systems. In winter, the thermal low from the Mediterranean weakened 
during P2. This is consistent with a decrease in Haze, LDEs and DSs in most cities 
during P2. In the spring, the Sudan Low and Indian Monsoon Low were strongest 
in P1 but still strong enough to interact with an encroaching high pressure ridge of 
the Azores High even in P2.  In summer, the strength of the Indian Monsoon Low 
has increased, possibly leading to the higher temperatures and increased rainfall 
recently observed in southern parts of Saudi Arabia. In autumn, the strength of the 
Sudan Low and Indian Monsoon Low has diminished and may have an impact in 
reducing the intensity of autumn dust storms. 
In the final part of this chapter a paired t-test was used to determine if there had 
been any significant changes in dust activity for a selection of eight cities, 
representative of the different regions of Saudi Arabia. It was found that in general 
there has been a reduction in the number of dust events over the three decades for 
these cities. This is particularly so for Haze and LDEs. The exceptions to this are 
Riyadh, Dhahran and Al-Qaysumah, representative of the central and eastern parts 
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of the country, in which Haze has increased. In all cities, the number of dust 
storms have either decreased or not changed significantly since 1985.    
The next chapter will analyse the specific synoptic conditions related to a number 
of severe dust storms, which have occurred in Saudi Arabia in the past three 
decades. The synoptic conditions leading to the dust storms in Saudi Arabia will 
be compared to those, which preceded a major dust storm in Australia, to 
determine if the trigger factors for these two very different locations are similar.  
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 Dust Storm Case Studies  Chapter 8
Introduction 
This chapter examines the meteorological conditions leading to four severe dust 
storms in Saudi Arabia and compares these conditions with those leading to a very 
severe dust storm in Australia. The dust storms in Saudi Arabia had a wide-spread 
impact and lasted for several days. Case study 1 is an example of a typical 
prefrontal dust storm associated with a dynamic thermal low originating in 
Western Europe and then rapidly moving eastward, crossing the southern 
Mediterranean and North African deserts. This occurred in early spring. Case 
study 2 is an example of late spring dust storm arising from deep trough 
connecting the Sudan Low and Indian Monsoon Low over central Saudi Arabia 
interacting with a subtropical high (Azores High). Case study 3 is a typical 
example of a summer Shamal. Case study 4 represents an unusual event because it 
occurred in autumn when the atmosphere over Saudi Arabia is generally stable 
(see Figure 4 in Chapter 3) resulting in the season with the lowest frequency of 
dust storms. However, in this case, there was a strong Sudan Low, which 
interacted with an extension of the Azores High pressure system and following 
thermal low.  
Data and Methods 
The principal source of meteorological data used for this study was the National 
Centre for Environmental Prediction/National Centre for Atmospheric Research 
(NCEP/NCAR) Reanalysis 1(Kalnay et al., 1996). It is a global gridded dataset 
based on interpolations using a state-of-the-art analysis/forecast system to produce 
data assimilation using past data from 1948 to the present. The reanalysis selected 
for this study was the 4-times daily record. The meteorological parameters 
investigated were: surface pressure distribution, geopotential heights, temperature, 
vertical motion, wind speed and direction at different atmospheric levels ranging 
from 1000 to 500 hPa. The meteorological stations that recorded the dust storms 
were identified using the Saudi Bureau of Meteorology and information contained 
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in this web site (http://www.wunderground.com/history). Satellite imagery of the 
events is presented where they were available. Total optical depth (TOD), surface 
dust concentration (NAAPS) and surface pressure distribution for the Australian 
case study were obtained from the Bureau of Meteorology (BOM). 
Case Study 1: (23-27 March 2003) 
One of the most wide-spread dust storms affecting Saudi Arabia occurred between 
25 and 26 March 2003. It was observed on 25 March in the northern cities of Arar, 
Hail, Al-Jouf, Tabuk, Rafha and Al-Qaysumah and the next day it moved towards 
the northeast passing over the northern cities of Arar, Al-Jouf, Rafha, Guriat, Al-
Qaysumah, Turaif and the eastern cities of Dhahran and Alahsa. 
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Figure ‎8-1 Dust storm over Saudi Arabia 25 March 2003 Image courtesy the SeaWiFS Project, NASA/Goddard Space 
Flight Center, and ORBIMAGE 
This case represents one of the most common types of dust storms generated in 
North Africa as a result of a strong pressure gradient and sudden temperature 
change with the passage of a cold front. It is a typical prefrontal dust storm 
associated with a thermal low originating in Western Europe and then rapidly 
moving eastward, crossing southern Mediterranean and North African deserts. Its 
impact started to be felt in the northern and eastern regions of Saudi Arabia about 
two days after its generation.  
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Synoptic description of the case 
Pressure and temperature variation 
Figure ‎8-2 shows geopotential heights and isotherms between 23 and 28 March 
1000 hPa. A well-developed depression on 23 March, which was located over 
west Libya and east, Algeria (North Africa) moved eastward. By 24 March the 
depression had moved over Egypt, creating strong winds and stirring dust. On 25 
March, the depression moved north-east and its centre reached east of the 
Mediterranean (30
o
N, 40
o
E), causing a dust storm that affected northern and 
central Saudi Arabia and its impact continued into the next day. This depression 
then moved towards the north-east, away from Saudi Arabia reaching Iran by 27 
and 28 March.  
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Figure ‎8-2: Geopotential heights (solid lines) and isotherms (dashed lines) during March 23 – 28 2003.  The maps 
plotted are for the 1000 hPa. 
Figure ‎8-3 shows the geopotential height contours and isotherms at 500 hPa for 
the case study. On 23 March, a cyclone at 500 hPa was centred over the Black 
Sea, which moved south to the eastern Mediterranean on 24 March bringing cold 
air. On 25 March, the centre of depression at 500 hPa was still located over the 
Mediterranean while the centre of the depression at 1000 hPa was located further 
east covering the northern part of Saudi Arabia. This would have led to unstable 
air masses producing vertical motion both upwards and downwards. On 26 March 
the depression at both geopotential heights moved to the east impacting the north-
eastern parts Saudi Arabia and Iraq. On 27 and 28 March, the depression moved 
further to the north-east and its effect on Saudi Arabia ended. 
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Figure ‎8-3: Geopotential height contours and isotherms on level 500 hPa, during 23-25 March 2003. 
Figure ‎8-4 shows the horizontal distribution of the wind at six different pressure 
levels for 25 March. At 1000, 925 and 850 hPa, a cold north-westerly air flow 
interacted with a hot southerly wind over northern Saudi Arabia and Iraq forming 
a strong convergence area. This would be expected to lead unstable atmospheric 
conditions. The wind speed at the convergence area was strong enough to lead the 
entrainment of dust (~20 kn, 10.3 ms
-1
). At pressures less than 700 hPa, the wind 
speed increased significantly taking the shape of the subtropical jet stream. 
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Figure ‎8-4: Horizontal distribution of the wind on different pressure levels on 25 March. The size of the numbered 
arrows represents the wind speed in knots.  
Geopotential height, horizontal wind and vertical motion 
The vertical motion at different geopotential heights is depicted in Figure ‎8-5. In 
this figure, positive values indicate the downward motion, while the negative 
values indicate upward motion.  
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Figure ‎8-5: Vertical motion for 25 March on levels 1000, 925, 850, 700, 600 and 500hPa. Vertical motion (omega) is 
indicated by the numbers in blue. Positive values represent downward motion and negative values upward motion.  
At 1000 hPa, there was a pronounced upward vertical motion of air all over the 
Arabian Peninsula, apart from a small falling area of air over Iraq, extending to 
central of Saudi Arabia. As discussed earlier in previous chapters, this is a dust-
enriched area from which dust can be raised by vertical motion. The dust spread to 
the upper levels of the atmosphere covering large parts of Saudi Arabia, Iraq and 
Iran.  
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Figure ‎8-5 also shows downward vertical motion over southern Egypt and 
northern Sudan at 925 and 850 hPa. This downward motion extended to northern 
Egypt and further to the Mediterranean Sea at 700 to 500 hPa. The downward 
movement of air can lead to stirring dust. A westerly wind can then carry the dust 
eastward, affecting wide areas in Saudi Arabia. This appears to have been what 
happened in this case. 
The horizontal distribution of wind on 26 March at varying geopotential heights is 
shown in Figure ‎8-6.  
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Figure ‎8-6: Horizontal distribution of the wind on different pressure levels on 26 March  
Figure ‎8-6 shows a convergence area to the east of Saudi Arabia where the cold 
advection coming from the Mediterranean Basin interacted with the warm 
advection coming from the south of the Arabian Peninsula. It also shows that the 
prevailing wind on the day was predominantly a westerly to south westerly 
affected by the shape of the depression located over Iraq. 
The vertical motion at different geopotential heights for 26 March   is shown in 
Figure ‎8-7. It shows a strong ascendance at 1000, 925 and 850 hPa.  
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Figure ‎8-7: Vertical motion for 26 March on levels 1000, 925, 850, 700, 600 and 500 hPa. Vertical motion (omega) is 
indicated by the numbers in blue. Positive values represent downward motion and negative values upward motion.  
This figure shows downward vertical motion covering areas from the north-east in 
the Mediterranean to south east of Saudi Arabia, with stronger downward motion 
over the convergence area, as appears at 1000 and 925 hPa. Above 925 hPa there 
was a strong rising motion across the Arabian Peninsula, between the north and 
south-east subsidence areas. 
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In summary, the synoptic conditions which led to this dust storm was the existence 
of a strong pressure and temperature gradient due to the interaction of two 
different air masses – dry cold air over the northern Mediterranean and moist 
warm air over northern Africa. This interaction led to the formation of a baroclinic 
zone (an area with a temperature gradient over constant pressure as seen where the 
isotherms cross the isohypses /isobars) over north-western Africa accompanied by 
a thermal depression. As this thermal depression moved eastward, the air pressure 
behind it increased due to the advancement of the following Azores High pressure 
system bringing cold air west of the depression. Warm advection east of the 
thermal depression enhanced the atmospheric baroclinity (sometimes called 
baroclinicity) leading to the continuation of atmospheric instability. The 
descending air in front the thermal depression stirred dust, which was then lifted 
by the rising air in the depression. The dust was spread over a large area by the 
presence of strong horizontal winds in the upper air layers and is an example of a 
typical spring prefrontal dust storm. On the day the dust storm started to affect 
northern Saudi Arabia, there was a strong baroclinic zone with high winds, and a 
convergence area of cold and warm air masses at 1000 hPa over the northern parts 
of the country.   
Case Study 2: (12-14 May 2005) 
Synoptic conditions favourable for dust generation were prevalent around the 
Arabian Peninsula during the period 12 – 14 May 2005. The dust storm affected 
Saudi Arabia on 13 May 2005.  The event was observed in the northern cites of 
Saudi Arabia which included Turaif, Guriat, Al-Jouf, Tabuk, Hail and Wejh. It 
was also observed on 14 May 2005 over the western region, especially in Jeddah, 
Yenbo, and Medina (http://www.wunderground.com/history). 
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Figure ‎8-8: Dust storm 13 May 2005 courtesy of Aqua: credit Jacques Descloitres. 
Synoptic description of the case 
Geopotential heights 
Figure ‎8-9 shows the geopotential height contour lines and isotherms for the 
period between 10 and 15 May at 1000 hPa. In this case, the dominant pressure 
systems during this period were the Sudan Low (lower left hand corner), Indian 
Monsoon Low (lower right hand corner), the Azores High pressure (upper left 
hand corner) and the ridge of the Siberian high (top right). 
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Figure ‎8-9: Geopotential heights (m) (solid lines) and Isotherms (o C) (dashed lines) during 10 - 15 May 2005 at 1000 
hPa 
On 10 May, the Indian Monsoon low produced a deep trough, which affected 
Saudi Arabia. The Azores High pressure dominated the Mediterranean region, 
North Africa and extended eastward to connect with the Siberian high pressure 
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system. The figure also shows a strong gradient in the geopotential height 
contours over the north of the Saudi Arabia with temperatures ranging between 
35
o
C and 40
o
C.  
On 11 May, the Sudan Low intensified, with a cut-off low developing over central 
Saudi Arabia as result of strong surface heating over the central desert areas. The 
temperature range remained stable. On the next day (12 May), the two low 
pressure systems combined covering most of Saudi Arabia. At the same time the 
intensity of the Azores High affecting the Mediterranean increased, and moved 
south-east. The intensity of Siberian High also increased, moving to the south-
west towards Saudi Arabia.  
On 13 May, the Azores High extension moved eastward, interacting with the 
depression over Saudi Arabia. The strong pressure and temperature gradients 
produced strong winds causing the air to rise, entraining dust into the upper levels 
of the atmosphere.  
On 14 May, the combined high pressure systems north of Saudi Arabia pushed the 
depression that was dominant in the centre of the Arabian Peninsula, to the south.  
By 15 May, the gradient of the geopotential height between the subtropical high 
ridge and the depression decreased over Saudi Arabia, which led to stable weather, 
as the depression receded southward, limiting its effect to areas over the Rub al 
Khali and eastern Saudi Arabia.  
Figure ‎8-10 shows the contour lines of the geopotential height and isotherms at 
500 hPa for the period 10 to 15 May. 
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Figure ‎8-10: Geopotential heights (solid lines) and Isotherms (dashed lines) during 10 - 15 May 2005 at 500 hPa. 
On 10 May, a noticeable deep depression was located over Western Europe with a 
trough extending to North Africa. On the next day, the depression deepened and 
its trough moved eastward affecting Egypt and northern Sudan. On 12 May, the 
trough strengthened and moved eastward, affecting the north-west of Saudi Arabia 
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and parts of Sudan. It started to affect central and northern Saudi Arabia on 13 
May. After 14 May, the centre of the depression weakened and moved to the 
north-east away from the Arabian Peninsula.   
Figure ‎8-11 shows the horizontal distribution of the relative humidity during the 
study period from 10 to 15 May at 1000 hPa. This figure shows a latitudinal band 
(15 – 30oN) of dry air where the relative humidity did not exceed 15 %, except 
over southern Red Sea where the humidity reached 55 %, after picking up 
moisture from the maritime air.  The relative humidity in most areas of Saudi 
Arabia was about 15%, but increased gradually to the north and south of Saudi 
Arabia. 
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Figure ‎8-11 Horizontal distribution of relative humidity during the study period (10 - 15 May) on level 1000 hPa 
Figure ‎8-12 shows the prevailing wind in the area of study for different 
geopotential heights on the day of the dust storm over Saudi Arabia (13 May 
2005). A convergence area over north-eastern Saudi Arabia was formed where the 
cold air coming from Eastern Mediterranean interacted with hot air blowing from 
the south-east of Saudi Arabia. This convergence occurred at 1000, 925 and 850 
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hPa. At 700 hPa, the convergence was weaker, with the wind being southerly in 
the middle of Saudi Arabia. At higher levels (600 and 500 hPa) the convergence 
area was shifted to the south-east of Saudi Arabia. 
 
 
Figure ‎8-12: Horizontal distribution of the wind on different pressure levels on the 13 May 2005 
Figure ‎8-13 shows the streamlines for the period of the event at 1000 hPa, with 
different colours representing the temperature of the air. The figure confirms the 
presence of an area of convergence and its development, as clearly evident by 
comparing Figure ‎8-12 and Figure ‎8-13.  
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Figure ‎8-13: Streamlines at 1000 hPa for the period 10 to 15 May 2005. The red streamlines show the hottest air and 
the purple the coldest air.  
Vertical Motion  
Figure ‎8-14 shows the vertical motion of the air at 1000 hPa during the period 10 
to 15 May 2005. On 10 May, upward motion occurred in most regions of Saudi 
Arabia, except the areas in the north-east of Saudi Arabia and southern Iraq. This 
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upward motion was also happening between 24-28
o
 N and 40-47
o
 E as well as 
over the eastern Mediterranean.  
 
 
Figure ‎8-14: Vertical motion at 1000 hPa for the period 10 to 15 May 2005. Vertical motion (omega) is indicated by 
the numbers in blue. Positive values represent downward motion and negative values upward motion.   
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The centre of subsidence was located over the southern Red Sea and the north-east 
of the Arabian Gulf. The subsidence continued to exist on 11 and 12 May. 
However, on 3 May, the area of upward motion expanded to include the north-east 
of Saudi Arabia and southern Iraq. These areas encompass the Arabian and Iraqi 
deserts, which are known sources of dust as described in previous chapters. 
Figure ‎8-14 also shows a small area west of the Red Sea (south-east Egypt), where 
downward motion was occurring and stirring dust, probably contributing the 
plume of dust shown in the satellite image (Figure ‎8-8).  
Figure ‎8-15 shows distribution of vertical motion (ω) for different pressure levels 
on the day (13 May) dust storm hit Saudi Arabia. This figure shows two centres of 
upward air motion at 1000 and 925 hPa, one in north-east of Saudi Arabia (above 
Iran) and the other in south-west of Saudi Arabia. Between them existed a 
downward air motion around 27
o
 N and 42
o
 E. The distribution of vertical motion 
changed on level 850 hPa, where upward motion dominated most areas of Saudi 
Arabia except over the Red Sea and the Arabian Gulf. At 850 hPa, the strength of 
upward and downward motion increased compared to the values at 1000 hPa and 
925 hPa. The vertical motion (in both directions) increased in strength at higher 
levels (700, 600 and 500 hPa). This is indicative of very unstable atmospheric 
conditions.  
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Figure ‎8-15: Vertical motion for 13 May 2005 on levels 1000, 925, 850, 700, 600 and 500 hPa. Vertical motion 
(omega) is indicated by the numbers in blue. Positive values represent downward motion and negative values upward 
motion.   
In summary, this dust storm was caused by the development a deep low-pressure 
system (combination of the Indian Monsoon Low and the Sudan Low) over central 
Saudi Arabia interacting with the Azores High. This interaction generated high 
winds and a convergence zone over central part of the country. These conditions 
are typical for a late spring/summer Shamal.  
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Case Study 3: (25 June 2003) 
This dust storm affected the east and north-east regions of Saudi Arabia on 25 
June 2003 in the cities of Rafha, Al-Qaysumah, Dhahran, Guriat and Alahsa. It is 
a typical case associated with the summer Shamal wind. It is one of the cases in 
which both vertical and horizontal winds played an important role. The synoptic 
conditions that led to this dust event are described below. A satellite image for 
northern Saudi Arabia was not available for the time of the dust storm, but the one 
below shows how the atmospheric instability generated, enabled dust to be loaded 
from the Tokar Gap across the Red Sea to the western cities of Saudi Arabia 
including Jeddah.  
 
 
Figure ‎8-16: Dust storm over Saudi Arabia 25 June 2003 Image courtesy Jesse Allen, based on data from the MODIS 
Rapid Response Team at NASA GSFC. 
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Synoptic description of the case 
 
Figure ‎8-17: Geopotential heights (solid lines) and Isotherms (dashed lines) during 23 - 27 June 2003 at 1000 hPa. 
Figure ‎8-17 shows the geopotential height contours and isotherms at 1000 hPa for 
the period between 23 and 27 June 2003. This figure shows that the dominant 
pressure system over the region on 23 June was the Indian Monsoon Low in the 
lower right of the Figure ‎8-17a, which was affecting most regions in Saudi Arabia. 
The north-west of Saudi Arabia was under the influence of Azores High ridge 
 
 
 
25 
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(upper left of Figure ‎8-17a). A strong pressure gradient between the two systems 
resulted in the unstable atmospheric conditions required for dust generation.  
Horizontal and vertical motion for the wind  
 
Figure ‎8-18: Vertical motion for 25 June on levels 1000, 925, 850, 700, 600 and 500hPa. . Vertical motion (omega) is 
indicated by the numbers in blue. Positive values represent downward motion and negative values upward motion.  
Figure ‎8-18 shows the distribution of the vertical motion on 25 June at different 
geopotential heights and Figure ‎8-19 shows the horizontal distribution of the wind 
for the same day (day of event) at the same pressure levels. Figure ‎8-18 shows two 
clear upward and downward air masses moving from the eastern part of Africa 
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towards the eastern part of Saudi Arabia which coincides with the atmospheric 
depression area and the source areas of dust as discussed in previous chapters.  
Figure ‎8-19 shows the horizontal wind distribution at the pressure levels 1000, 
925 and 850 hPa. The prevailing wind was a strong north-westerly affecting north 
and east of Saudi Arabia. However, the winds at higher altitudes do not follow the 
same pattern of increasing wind speed as in the previous case studies discussed, 
and the wind directions are much more variable.  
 
Figure ‎8-19: Horizontal distribution of the wind on different pressure levels on the 25 June. 
In summary, the synoptic conditions, which led to the development of this dust 
storm, were the extension of the Indian Monsoon trough reaching the Arabian 
Gulf bringing warm, moist air and the movement of the Azores High eastward. 
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This synoptic situation led to the development of a strong pressure gradient 
between the two systems, causing a strong north-westerly wind (summer Shamal). 
In addition, there was downward motion over dust sources in east Africa in close 
proximity to surrounding areas of upward motion over west Saudi Arabia and 
Iran.  
Case Study 4: (30 September - 3 October 1991) 
This dust storm occurred between 30 September and 3 October 1991, with the 
peak of the event on 1 and 2 October. It was observed on 1 October in Dhahran, 
Rafha, Turaif, Tabuk, Gassim and Riyadh.  The next day it was observed in 
Gassim, Al-Qaysumah, Tabuk and Madina. On the third day it was observed in 
Guriat, Al-Qaysumah, Turaif, Al-Jouf, Wejh and Gizan. Over the three days, it 
had moved from the north to the south, covering all of Saudi Arabia. 
Pressure and temperature variation 
Figure ‎8-20 shows the 1000 hPa and Figure ‎8-21 shows the 700 hPa geopotential 
height contour lines and isotherms for the period from 29 September (before the 
event) to 4 October 1991 (after the event). The figure shows that the main pressure 
systems with the potential to result in the development of a dust storm were the 
Sudan Low over south-east Africa, the Siberian High extension over the north-
eastern region of Saudi Arabia and the Azores High over the Mediterranean Sea. 
These systems can combine to cause instability leading to dust entrainment into 
the atmosphere. 
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Figure ‎8-20: The geopotential height contour lines (coloured solid lines) and the isotherms (dash lines) for the study 
period 30 September to 3 October 1991. The maps plotted are for the 1000 hPa.  
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Figure ‎8-21: The geopotential height contour lines (coloured solid lines) and the isotherms (dash lines) for the study 
period 30 September to 3 October 1991. The maps plotted are for the 1000 hPa  
At 1000 hPa, on 30 September and 1 October, the Sudan Low trough was well 
developed and covered a large part of Saudi Arabia, bringing warm air from the 
south. The Siberian High increased in intensity and extended over the north-
western part of Saudi Arabia, bringing cold air from the north. The strong pressure 
gradient between the two systems created strong surface winds in the northern 
parts of Saudi Arabia. At a geopotential height of 700 hPa, there was a high 
pressure over the Sudan Low and low pressure over the Siberian High. This gives 
rise to vertical motion creating atmospheric instability. 
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At the peak of the dust storm on 2 October, the upper level low located over the 
north of Saudi Arabia started to extend its influence on the whole western part of 
Saudi Arabia. This low weakened and the high pressure started to dominate at the 
700 hPa, reducing the pressure gradient on 3 October.  
Streamlines  
Figure ‎8-22 shows the horizontal distribution of streamlines at 1000 hPa from 29 
September to 4 October1991. The figure shows a convergence area on 29 
September, with its centre approximately 16
o
 N and 47
o
 E (southern part of Saudi 
Arabia). On 30 September, the convergence area increased and moved to the 
centre of Saudi Arabia. On 1 October, the convergence area moved towards the 
north-east with its centre located at 27.5
o
 N and 41
o
 E. On this day, which 
represented the first day of the dust storm, the warm dry air blowing from the 
south collided with the cold air coming from the north, creating instability. This 
situation continued on 2 October, which was the second day of storm, with the 
wind predominantly from the south.  On 3 and 4 October, the convergence area 
moved to the south-east away from Saudi Arabia. 
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Figure ‎8-22: Horizontal distribution of streamlines at 1000 hPa during 29 September to 4 October 1991. The purple 
colour represents the coldest air and red the hottest air. 
Detailed analysis of the convergence area 
Figure ‎8-23a shows the change in the pressure at the centre of convergence area 
on 1 and 2 October, the location being 27.5
o
 N and 37.5
o
 E, plotted every 6 hours 
from 00 GMT on 29 September to 18 GMT on 5 October. It is clear from the 
figure that the lowest pressures were recorded on 1, 2 and 3 October, coinciding 
with the presence of deep depression. Afterwards, the pressure began to increase 
gradually.  
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Figure ‎8-23b shows the vertical cross section of relative humidity (RH) during the 
study period at the convergence point (27.5
o
 N and 37.5
o
 E). This figure shows 
that the layer from the surface at 1000 hPa to 600 hPa had a low RH from the start 
of period to 3 October. The relative humidity was more than 40% in the layer 
between levels 700 - 500 hPa.  There was also an increasing the relative humidity 
in the layer between levels 850 - 500 hPa from midday of 2 October to 12 GMT 4 
October. The increase in humidity coincides with the entry of a thermal low, 
which can be clearly seen at 700 hPa in Figure ‎8-21e & f. The thermal low would 
have been accompanied by a cold front, bringing moist air.  
Figure ‎8-23c shows the vertical cross section for the streamlines and their 
directions for the layers between 1000 – 500 hPa during the study period. The 
figure shows that there was downward vertical motion in the days leading up to 
the event and upward vertical motion during the daylight hours of 1 and 2 
October, followed by a downward vertical motion during the night time. From 12 
GMT on 3 October, there was upward and downward vertical motion, which 
continued, to 18 GMT on 5 October, which coincided with the entry of a northern 
depression from Europe. 
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Figure ‎8-23: a) The change in the pressure at the centre of convergence area on 1 and 2 October (27.5 north latitude 
and 37.5 east longitude) for every 6 hr from midnight 29 September until last daylight hours on 5 October. b) Cross 
section of the relative humidity during the study period at the same convergence point (27.5 north latitude and 37.5 east 
longitude). c) Vertical cross section for the streamlines and their directions for the layer between 1000 – 500 hPa 
during the study period.  
In summary, the synoptic situation that caused this dust storm was the formation 
of a convergence zone over the dust source areas in Saudi Arabia due to the 
interaction of the Sudan Low and the Siberian High. Cold air from the north 
converged with hot, moist air from the south generating atmospheric instability, 
loading dust into the upper atmosphere. The storm itself moved from the north to 
south of Saudi Arabia.   
 
 191 
 
Eastern Australia: September 2009 
On 23 September 2009, the strongest dust storm on record since 1941 passed over 
Sydney and most of the east coast of Australia, even reaching New Zealand. The 
dust storm named The Red Dawn, originated on 21 September 2009 over the Lake 
Eyre region. This storm has been studied from a number of perspectives. Li et al. 
(2010) utilized satellite imagery to estimate the amount of topsoil lost, and Leys et 
al. (2011) confirmed that millions of tonnes of topsoil material were uplifted in the 
atmosphere.  Aryal et al. (2012) investigated the chemical content of the material 
uplifted to the atmosphere and pointed to Lake Eyre as being a major source of the 
Red Dawn event. However, the studies on Red Dawn so far, lack a detailed 
investigation of the underlying meteorological causes for the event, which the 
current study is exploring. 
Total Optical Depth and dust concentration 
Figure ‎8-24 shows the Total Optical Depth (TOD) and dust concentrations at the 
surface from 00:00 UTC and 06:00 on 21 September.  
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Figure ‎8-24: Total optical depth (top panel) and modelled surface dust concentrations (bottom panel) for21 Sep 2009, 
0000 – 0600 UTC (U.S. Navy, 2010). 
As shown in Figure ‎8-24 (left top), TOD was zero at 00:00 UTC, indicative of a 
clear sky. The adjacent map (top right) shows TOD six hours later where it can be 
seen that TOD reached 0.6 (the green shaded area) roughly corresponding to the 
time when the dust plume was being forced into the atmosphere. This plume is 
located approximately within 23-27
o
S and 137-141
o
E located inside the Simpson 
Desert (Revel-Rolland et al., 2006), i.e. the source of the Red Dawn dust storm 
was the Lake Eyre basin and initiation of the storm occurred between 00:00 and 
06:00 UTC on 21 September, 2009. 
The modelled surface dust concentrations (two bottom maps) correspond well to 
the TOD displayed in the two top maps. At 00:00 UTC, the modelled dust 
concentration of about 1280 μg m-3, while six hours later the dust reached nearly 
5120 μg m-3 (orange).  
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Meteorological parameters and atmospheric stability 
The changes in the meteorological parameters indicative of atmospheric instability 
are shown below for 21 September.  
The mean sea level pressure isobaric charts in Figure ‎8-25 show the synoptic 
conditions during the dust storm that originated over the Lake Eyre basin in 
September 2009.  
 
 
Figure ‎8-25: Mean sea level pressure distribution for 21 Sep 2009, 00:00 – 06:00 UTC. The dust storm started to 
develop around 03:00 UTC (Commonwealth of Australia 2009) 
The charts in Figure ‎8-25 show a deep low-pressure system (982 hPa) over the 
Southern Ocean at 00 and 06 UTC. This low-pressure area marks the passage of a 
cold front shown by the spiked bold lines in the charts. Also evident on the map is 
the cut-off low-pressure system (998 hPa), which extends over the whole of South 
Australia. A high-pressure system was located over western region and this deep 
depression formed a strong pressure gradient directed to the east.  
Figure ‎8-26 shows the Geopotential height at 1000 and 850 hPa (solid black lines) 
and temperature (dashed blue lines) for the time the dust originated.  
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Figure ‎8-26: Geopotential height and temperature at 1000 hPa, 850 hpa for 21 Sep 2009 0000 – 0600 UTC. Dotted 
lines stand for temperature and solid lines geopotential heights. Black numbers represent geopotential height; blue 
numbers represent temperature 
In the areas circled there is a strong temperature gradient with the temperature 
across the isotherms ranging from 12 to 38
o
C.  The steep temperature gradient is 
associated with high winds and consequent horizontal movement of the air mass.  
In this case, the baroclinic conditions extend up to 850 hPa over a large area of 
south-eastern Australia demonstrating the depth of the instability.  
Figure ‎8-27 contains wind speed and direction at the surface and at 925 hPa. 
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Figure ‎8-27: Wind speed (m/s) and direction at surface (top) and 925 hPa (bottom) for 21 Sep 2009, 00:00 – 06:00 
UTC. 
 
At the surface, specifically in the centre of Australia, the wind formed a cyclonic 
pattern, indicating a low-pressure area. At 00:00 UTC, the wind speed reached 12 
ms
-1
, and it was northerly flow in the eastern region. Six hours later, the wind 
direction was westerly with wind speeds reaching above 16 m s
-1
. The cut-off low 
and following deep low were starting to merge producing winds strong enough to 
exceed a dust-lofting threshold for sandy deserts like the Lake Eyre basin (Table 
1, Chapter 2). At 925 hPa (~750m) very high wind speeds occurred reaching 19 m 
s
-1
 at 00:00 UTC over the area where the generation of dust appears to have 
started. At 06:00 UTC the winds were still strong with a cyclonic pattern, bringing 
the dust around to the south. The intensified low at the surface and high wind 
speeds are a clear indicator of an unstable atmosphere. 
Vertical motion of air masses can be used to study the physical and dynamical 
characteristics of the atmosphere as shown in Figure ‎8-28. 
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Figure ‎8-28: vertical wind velocity (omega) at 850, 700, 500 hPa for 21 Sep 2009, 0000 – 0600 UT. 
Figure ‎8-28 shows ascending and descending of air masses around the Lake Eyre 
basin and Simpson Desert for 21 September between 0000 – 0600 UTC at 850, 
700, 500 hPa, demonstrating atmospheric instability at all three levels which 
would be expected to cause uploading of dust into the atmosphere.   
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Figure ‎8-29: Boundary layer height (m) (top) and 10-meter wind speed (m/s) and direction (bottom) for 21 Sep 2009, 
0300 UTC 
Figure ‎8-29 shows the boundary layer mixing height to have been between 4000 
m – 4500 m, which clearly shows an unstable atmosphere, particularly in the 
 198 
 
source region. Studies by Shao and Leslie (1997) and Schonfeldt and von Lowis 
(2003), indicate that if the 10 m wind speed exceeds 10 ms
−1
, wind shear near the 
surface becomes sufficiently strong to mobilise significant amounts of dust, which 
are satisfied in the region Figure ‎8-29. 
In summary, the conditions leading to this dust storm were very similar to those 
leading to the dust storm in case study 1 of the Saudi Arabian dust storms. In both 
cases an intense low-pressure system collided with hot air over a desert region, 
producing a prefrontal dust storm.  
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Conclusions 
The case studies discussed in this chapter were selected to represent the type of 
synoptic conditions, which can lead to the generation of dust storms over Saudi 
Arabia. They represent examples of typical synoptically forced dust storms, which 
occur in spring, summer and autumn. 
From the analysis of synoptic charts and a range of meteorological parameters 
related to the four cases, the following conclusions can be drawn:   
 The passage of an eastward moving cold front, associated with a thermal 
low originating in western Europe or northern Africa, is a trigger for dust 
generation. The source of the dust will depend upon the origin of the 
thermal low and the track it takes. This is very common in the spring and 
case study 1 in March 2003 is an example of this. In the case of the Red 
Dawn in Australia a similar situation occurred. A cold front associated with 
an intense low-pressure system travelled across the Great Australian Bight 
and crossed over dust sources on the hot Australian mainland. 
 Strong temperature and pressure gradients will cause active surface winds. 
If these are accompanied by the convergence of winds from different 
directions over a desert area, this enhances lifting of dust upwards and its 
distribution to the nearby areas by winds in the upper layers. This occurred 
in all the case studies but was particularly strong in Case Studies 2 and 4 as 
shown by the streamlines figures.  
 In each case, the positive and negative omega (vertical wind velocity) 
values in close proximity to one another indicate atmospheric instability, 
resulting in the generation and transport of dust. The distance travelled will 
depend upon the speed of the wind at upper levels.  
 Sometimes a thermal depression is formed over south-east Egypt (or north-
eastern Sudan). The resulting vertical motion causes severe dust storms 
over Saudi Arabia as exemplified in the spring Case Studies 1 and 2. A 
strong westerly wind carries this dust across the Red Sea and affects the 
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western region of Saudi Arabia as can be seen the associated satellite 
images. 
 During late spring and summer (as in Case Studies 2 and 3) the Sudan Low 
can merge with the Indian Monsoon Low.  When this interacts with the 
extension of the Azores High or the Siberian High, it creates a very intense 
convergence zone with consequential strong vertical movement. This 
enhances dust entrainment from these areas to the upper levels. Case Study 
3 is an example of a summer Shamal with strong winds coming from the 
north-west.  
In all cases there was a strong pressure gradient leading to high winds and 
unstable atmospheric conditions stirring and uplifting dust from desert regions.  
 201 
 
 Conclusions and Recommendations Chapter 9
 
This work has broadly characterised dust activity in Saudi Arabia over the last 
three decades (1985 – 2013). The research work started by reviewing the relevant 
literature on dust activity globally and then focusing on the Middle-East and more 
specifically on Saudi Arabia.  
Using meteorological data from 1985 – 2013, the distribution of the dominant 
pressure systems over Saudi Arabia during the different seasons of the year were 
examined. In winter and spring, the main pressure systems that affect the climate 
in Saudi Arabia are the Siberian High and the Sudan Low. In autumn and summer 
the two dominant pressure systems are the Azores High and the Indian Monsoon 
Low.  
The distribution, season and frequency of dust storms, their main sources and 
synoptic characteristics over 25 cities in Saudi Arabia have been reviewed using 
meteorological data from NCEP/NCAR reanalysis data set and surface 
observations. The main sources of the dust storms were identified using Wind 
Roses and Hysplit back trajectories, differentiating between the local, 
neighbouring and remote dust sources.  
Dust storms were classified using the World Meteorological Organisation (WMO) 
codes and combined to form three types: Haze, Local Dust Event (LDE) and Dust 
Storm (DS). The behaviour of three types of dust events and changes over time 
were observed over the study period. Case studies over Saudi Arabia and Australia 
were conducted to further understand the synoptic conditions associated with 
general dust activity in two different climatic regions.  
The analysis of the spatial distribution of Haze, LDE and DS found that Haze is 
more common in Saudi Arabia than LDE and DS. The distribution of the annual 
average dust frequencies of combined dust event types resembles that of Haze; the 
skewness is clearly indicative of the influence of Haze on total dust activity. 
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Looking into the seasonal variability, the southern region recorded the highest 
average rate during all seasons. Of the four seasons, the average frequency is the 
highest in spring, followed by summer. The high rate in spring is widespread, 
covering a large part of the southern region, central, eastern as well as the northern 
region of the northern part. In summer, the high average rate is confined to a small 
area in the south and a region extending from east to the south-west. Winter and 
autumn spatial distributions have some common patterns, with the exception of an 
isolated region in the northern part showing high average rate of dust activity in 
autumn.  
Based on dust classification (Haze, LDE and DS) and frequency of each type over 
different seasons, the regions affected in spring are in the northern, western and 
eastern parts of Saudi Arabia, while those in central and southern regions 
experience maximum dust impact in summer. Some cities located in the latitude 
band 20 to 28
o
 N experience dust activity in both spring and summer. Areas in the 
close proximity to or located within deserts had the highest dust activity.    
Haze and LDE showed high frequencies of dust activity with Haze being generally 
higher than LDE. Based on the annual mean dust days over the 29 years of 
investigation, a list of the stations that stood out for the three types of dust classes 
are. Haze: - Sharurah (36.4), Najran (34.9) and Riyadh (30.6); LDE: - Sharurah 
(21.4), Dhahran (19.8) and Turaif (18.6); DS: - Al-Qaysumah (2.8), Alahsa (2.7) 
and Gizan (1.5). Except for Turaif, which is mainly under the influence of the 
Syrian Desert, these cities are affected by their proximity to the Rub al Khali and 
the Iraqi deserts (the Fertile Crescent) to differing extents. 
From wind rose analysis of wind directions and speed during dust-free and dust- 
days over 29 years, the An-Nafud Desert is the main local source and North 
African deserts, the Syrian Desert; Iraqi deserts (the Fertile Crescent) are the main 
neighbouring sources for the northern region. In the western region, the East 
African deserts are the main sources with some contributions from the Rakbah 
Plains and volcanic fields to the east of Madina. In the central region, the Ad- 
Dahna Desert is the major local source.  For the eastern region, the Ad-Dahna 
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Desert is a local source and the Iraqi deserts are the main neighbouring sources. 
For the southern region, the Rub al Khali (local source) is the main source with 
contributions from the eastern North African deserts and Tokar Gap (remote 
sources). For most cities, maximum wind speeds were always higher on dust-days 
(averaging 20 ms
-1
) than dust-free days (averaging about 10 ms
-1
).   
Cluster analyses of back trajectories for 14 Saudi Arabian meteorological stations 
were carried out for the spring periods between 2000 and 2009. These were 
analysed at 100 m and 500 m. A separate set of clusters was generated for dust- 
days during spring over the same period.  The conclusion reached from this study 
was that in the northern region the main airflow pathways arrive after crossing the 
Syrian and Iraqi deserts, which is consistent with the pathway of the cold fronts in 
spring passing over the Mediterranean Sea. The influence of local sources in the 
northern region is weak. 
Moving towards the south-eastern area, the influence of remote dust sources 
decreased due to the weakening of the cold fronts. The main neighbouring source 
is southern Iraq, while the contribution from local sources is more noticeable. 
In the central cities (Gassim and Riyadh), the main airflow pathways travel over 
the Ad Dahna Desert, while in Alahsa they passed through either the Rub al Khali 
or the Iraqi deserts. 
In Yenbo on the north-western coast of the Red Sea, the main wind pathways 
cross over North Africa (from the Sahara Desert) and the Red sea, with some 
contribution from the Syrian Desert. The contributions from local sources in 
Yenbo are insignificant because of the airflow being constrained by the 
mountainous topography, particularly at 100 m. For Gizan on the south-western 
coast of the Red Sea, the dominant airflow pathways are along the Red Sea 
(potentially bringing dust from the Sahara) and Gulf of Aden. 
In the south, the main airflow pathways over Bisha, cross over the Sahara, the Red 
Sea, Ad Dahna and the Rub al Khali, while for Sharurah the dominant pathway 
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crosses over the desert area of Yemen, and for Najran, they predominantly come 
from the Rub al Khali.       
Case studies of typical dust storms over Saudi Arabia showed dust storms could 
occur when there is a convergence between cold and warm air masses leading to 
atmospheric instability. If this occurs over desert areas, it will lead to the uplifting 
of dust into the upper atmosphere. The distance travelled will depend upon the 
strength of the horizontal winds and the height to which the dust is lifted. This is 
very common in summer exemplified by the summer Shamal in Case Studies 2 
and 3 in Chapter 8. In this case, there is strong interaction between the Indian 
Monsoon Low and the Azores High. A similar type of interaction can occur 
between the Sudan Low and the Siberian High as in Case Study 4.  
Another situation, which can lead to dust storms in winter and spring, is a cold 
front coming from North Africa and across the Mediterranean Sea. This produces 
baroclinic zones, which result in high winds and a convergence area of cold and 
warm air masses at the surface. An example of this type of dust storm was given 
in Case Study 1. A similar situation occurred over South Australia in September 
2009.   
The temporal and spatial distribution of different types of dust over the last three 
decades was investigated for a potential relationship with the ENSO cycle. It was 
found that there was a weak to moderate negative correlation with the SOI index, 
with the strongest correlation found with severe dust storms.  
The study period was classified into three time series, based on the frequency of 
dust events, to detect any significant frequency change in the types of dust events. 
Significant changes (95% CI) were observed in Riyadh for all types of dust events. 
In contrast, Dhahran did not record any change for DS in any of the periods, 
although there were changes in Haze and LDE.  Jeddah, Al-Qaysumah and Tabuk 
showed significant changes in LDE. Najran showed significant changes in Haze, 
but no change in LDE. It was noticed that significant changes have happened more 
with Haze and LDE, but less often with DS. In most cases, the frequency of dust 
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events between 1995 and 2009 was below the average for 1985 – 2013.This was 
during a sustained period of a dominant El-Ni o phase of the ENSO cycle.  
It was also found that there has been a significant change in dust activity, 
especially with Haze and LDE over the period of analysis, which appear to be 
related changing phases of the ENSO cycle and also to rainfall variation over the 
Rub al Khali. During the El-Ni o phase, the frequency decreased below average, 
while during the La-Ni a phase, the frequency generally increased above average. 
As discussed in Chapter 2, a number of studies have now shown the 
teleconnections between the equatorial Pacific sea surface temperatures and the 
Atlantic Ocean. El-Ni o alters the intensity and position of the Indian Monsoon, 
which directly affects Saudi Arabia in the summer and autumn months. The 
Atlantic Ocean sea surface temperatures affect the rainfall over the Sahara, and 
ultimately the generation of dust in North Africa and its subsequent transport to 
Saudi Arabia. The relationship between SOI and dust activity was found to be 
weak to moderate. The strongest correlation was found between annual DS (dust 
storm) frequency and the SOI, and between annual Haze and LDE frequency and 
rainfall over the Rub al Khali. There was also a moderate correlation between 
annual Haze frequency and total rainfall over Saudi Arabia. 
From an analysis of the mean sea level pressure patterns over the three periods 
investigated, it was observed that the dynamic thermal lows crossing the 
Mediterranean weakened between 1995 and 2009, but then regained strength in 
between 2010 and 2013.  There has been a very noticeable change in the intensity 
of Sudan Low and Indian Monsoon Low during spring, both of which have 
diminished over the past three decades. This could lead to a decrease in the 
frequency of dust storms in the north-east since they require the interaction 
between the Indian Monsoon Low and the Azores High as discussed in Chapter 3. 
A similar trend has occurred in the autumn months. However, the Indian Monsoon 
appears to be getting stronger, which may intensify the dust storms in the eastern 
and southern parts of the country, and rainfall in the mountains in the south-west. 
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While there is a weak to moderate correlation between dust frequency and the 
SOI, there are clearly other factors, which lead to changes in rainfall and dust 
storms. These will include population increase and the generally increasing global 
temperatures. 
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Recommendations for further work 
As a result of the work carried out for this thesis, a number of questions have been 
raised. To answer some of these, the following is a list of potential areas for 
further research.  
1. One of the potential sources of error in the analysis of the dust events is in 
their classification, in particular, the classification of WMO code 9, which 
was classified as an LDE. It is difficult to classify WMO 9 because it refers 
dust away from the observer. The type of dust event is not obvious. It 
would be interesting to repeat the analysis by classifying it as a DS to see if 
it made any significant difference to the analysis.  
2. The correlation between rainfall and dust activity was only carried out 
using data from Saudi Arabia. It would be insightful to include data from 
neighbouring countries. It may also be useful to include other climate 
factors such as drought over the Sahel, sea surface temperatures over the 
Atlantic Ocean and Mediterranean Sea. 
3. To corroborate the identity of the sources of dust, chemical fingerprinting 
would be most useful.  
4. Over the past 3 decades, the population in Saudi Arabia has trebled, with a 
corresponding increase in the extent of the urban area. The affect that this 
has on the production of dust has not been explored, and could be a factor 
in changing the nature of dust storms in the Middle East. 
5. A more detailed investigation into the effect of climate on the pressure 
pattern distribution may provide a means of modelling future dust storm 
activity in the Middle East. 
6. The accuracy of this work was hampered by the lack of sufficient weather 
stations in Saudi Arabia. I would highly recommend that these be increased 
and that these stations have dust-monitoring equipment to enable dust 
concentration to be measured. These stations could provide a dust storm 
alert, which may prevent ill health and accidents occurring due to the 
sudden onset of dust storms while driving.  
 208 
 
7. In Chapter 6, it was noted that the trajectories towards some of the southern 
cities went through a cyclical rising and falling. This is intriguing and 
would be interesting to investigate. 
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